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THE ATMOSPHERES OF M DWARFS: 
OBSERVATIONS 

Marcello Rodond 


INTRODUCTION: THE SOLAR/ 
STELLAR CONNECTION 

Until recently, many astrophysicists have 
viewed the Sun as a special object separated 
from the stellar context. This situation has 
arisen mainly because solar research has bene- 
fited from high spatial, spectral, and time- 
resolved observations which were and, for the 
most part, are unreachable in the observations 
of ordinary stars. In fact, owing to their enor- 
mous distances, only global properties of stars 
can usually be obtained. 

Indeed, especially before the recent opening 
of the new spectral domains that have been 
made available by spaceborne instrumentation, 
solar astrophysicists were regarded by their 
stellar colleagues as privileged people who were 
actually able to “see” what they were observ- 
ing and interpreting. Stellar astronomers could 
only speculate on the surface characteristics of 
stars on the basis of indirect and sometimes 
only rather circumstantial evidence. Solar and 
stellar research were following increasingly 
diverging paths because the detailed studies of 
the Sun, that, usually unintentionally, built up 
a conceptual division between the study of solar 
microphenomena and of stellar global charac- 
teristics. 

I do not know about the authenticity of the 
following sentence that pictorically reflects the 
mood of those days: “Solar people are prob- 


ably watching the Sun too extensively and with 
excessively powerful instruments, like those 
looking at an old master painting with a micro- 
scope: they might learn a lot about painting 
techniques but will certainly have a hard time 
in trying to appreciate the value of the work 
of art standing in front of them.” 

As a matter of fact, the astronomical litera- 
ture and history offer eloquent counterex- 
amples promoting “the investigation of the Sun 
as a typical star in connection with the study 
of stellar evolution,” as George E. Hale first 
put it in 1905 (cf. Goldberg, 1983). Neverthe- 
less, for several decades afterwards, Hale’s at- 
titude toward what we now call the solar /stellar 
connection did not become astronomical mass 
culture, in spite of additional positive inputs of 
several leading scientists such as Eberhard, 
Schwarzschild, Kron, Unsold, Struve, Schatz- 
man, and Lovell. It was not until the sixties that 
systematic observations of so-called “active” 
stars began and the problem of solar-type stellar 
activity was specifically addressed (cf. Schatz- 
man,1967; Godoli, 1968, and references there- 
in). It is of some significance that the first IAU- 
sponsored interdisciplinary meetings on topics 
related to the solar/stellar connection took 
place only in 1982 (Byrne and Rodono, 1983; 
Stenflo, 1983). 

From the observational point of view, as 
both solar and stellar astronomers have con- 
stantly increased their respective instrumental 
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capability, leaving almost unchanged the divid- 
ing gap between theirt. Nor will this situation 
change in the future, as the relative location of 
the Sun and the stars with respect to the Earth 
will remain unchanged, with all the obvious im- 
plications that differentiate solar and stellar 
observational capability. 

What has definitely changed in the recent 
past is the attitude of both solar and stellar 
astrophysicists (as envisaged by Hale long 
before): the solar/stellar or stellar/solar con- 
nection has opened the solar laboratory, in 
which “stellar” phenomena can be studied in 
detail, to stellar astrophysics and the stellar 
laboratory, where “solar” phenomena occur in 
different physical environments, to solar astro- 
physics. A truly “two-way street” connecting 
solar and stellar research does not appear to be 
any more an elite culture and is waiting to be 
fully exploited in the near future. 

As always, improvements bring with them 
an increase of the parameters to be taken into 
account. Specifically, a new temporal param- 
eter, the stellar evolution time scale, will enter 
our problem, as well as the other global param- 
eters specifying the physical state of the star’s 
environment. 

Recent observations and interpretation of M 
dwarfs, about 1000 times fainter and 10 times 
smaller than the Sun, have shown how scientifi- 
cally fruitful their comparative study could be. 
Indeed, the intrinsic faintness of M dwarfs and 
the favorable interior physical conditions for 
solar-type phenomena to develop render their 
observation particularly suitable for solar/ 
stellar studies. Therefore, my contribution is 
aimed at presenting recent observations of M 
dwarf atmospheres, with particular emphasis 
on those that relate to the stellar/ solar connec- 
tion (i.e., at the other side— or, perhaps, the 
“far” (stellar) side— of the topic with respect 
to the content of The Sun as a Star volume in 
this CNRS-NASA Monograph Series on Non- 
thermal Phenomena in Stellar Atmospheres. 

M dwarf atmospheres, whose theoretical 
aspects are presented by D. J. Mullan in Chap- 
ter 10 of this book, are particularly useful for 
the purpose of establishing observational con- 


straints on stellar activity parameters. These 
constraints will greatly help in narrowing the 
range of possible mechanisms that can give rise 
to the activity phenomena observed in the Sun 
and stars. It goes without saying that activity 
phenomena often announce departure from 
static thermodynamic equilibrium with par- 
ticular nonthermal processes dominating 
others. 

After presenting global properties of M 
dwarfs ( Global Properties of Quiescent M 
Dwarfs), I will concentrate on the principal 
diagnostic of activity phenomena occurring in 
their atmosphere from the geometrical, ener- 
getic, and temporal points of view. Observa- 
tions of starspots, plages, flares, and activity 
cycles will be presented in the section Activity 
Signatures. In the final section, the major 
sources of activity will be discussed with par- 
ticular emphasis on the generation, intensifica- 
tion, and measurements of stellar magnetic 
fields. 


GLOBAL PROPERTIES OF 
QUIESCENT M DWARFS 

The intrinsic faintness of M dwarfs makes 
them suitable for accurate observations only 
within a relatively restricted volume centered 
on the Sun. Actually, reasonably detailed pho- 
tometric and spectroscopic observations have 
been carried out only for M dwarfs lying with- 
in 25 parsecs of the Sun. Nevertheless, since the 
number density of dM stars is impressively 
large— 0.06 parsecs' 3 (The and Staller, 
1974) — a sufficiently numerous sample is avail- 
able for observations in the solar neighbor- 
hood. Basically, there are two distinct groups 
of M dwarfs: dM and dMe stars, the latter 
showing hydrogen Balmer lines in emission. 
(See the section Effective Temperature, Radius, 
and Surface Gravity.) Long-term variability 
and short-duration flares characterize dMe 
stars. (See the section Activity Signatures.) 
However, sporadic or quasi-periodic variability 
seems to be a common feature of a large frac- 
tion of M stars (Stokes, 1971). 
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Extensive and detailed works have been car- 
ried out on dMe flare stars. Their global prop- 
erties are similar to those of ordinary M dwarfs 
and are of interest here because of the great 
variety of nonthermal phenomena occurring in 
their atmospheres. 

Multiplicity and Mass 

About 35 percent of late-type main-sequence 
stars and 60 percent of known flare stars within 
25 parsecs of the Sun are members of binary 
systems (Rodono, 1978). The majority are 
visual binaries with well-determined orbits. V 
1396 Cyg (Gliese 815 A) and BY Dra (Gliese 
719) are spectroscopic binaries, CM Dra (Gliese 
630.1) and YY Gem (Gliese 278c) also show 
eclipses. The most reliable values of masses for 


well-studied binaries are given in Table 9-1. 
They range between 0.06 and 0.62 solar masses. 
Using empirical mass-luminosity relations (viz. 
Gatewood, 1976) additional determinations of 
masses are possible. (See the section Effective 
Temperature , Radius, and Surface Gravity.) 
The smallest value is 0.038 M 0 (V 1298 Aql 
= Gliese 752 B). However, stars with such low 
masses cannot be regarded as true main- 
sequence stars because their contraction times 
toward the main sequence are comparable to, 
or even exceed, the age of the Galaxy. 

The theoretical models by Grossman et al. 
(1974) indicate that an increasing fraction of the 
stellar interior becomes convectively unstable 
as mass decreases. A star of about 0.2 A/ 0 or 
less (i.e., with spectral type later than M5) is 
already fully convective. Following Mullan 


Table 9-1 

Masses of dMe Flare Stars in Binary Systems 


Gliese 

(1969) 

No. 

Variable 
Star Name 

Catalog 

Spectral 

Type 

Binary 

Type* 

m a + m b 

(Sun = 1) 

Ref. 1 

473 AB 

FL Vir 

Wolf 424 AB 

dM5.5e + dM5e 

VB 


0.067 

+ 0.064 

1 

234 AB 

V 577 Mon 

Ross 614 AB 

dM4.5(A + B) 

VB 


0.114 

4 0.062 

2 







0.12 

4 0.06 

3 

65 AB 

UV Cet 

L726-8 AB 

dM5.5e 4 dM6e 

VB 


0.12 

4 0.108 

4, 5 

447 

FI Vir 

Ross 128 

dM5 

VB 


0.15 


6, 7 

860 AB 

DO Cep 

Kruger 60 B 

dM4.5e 

VB 


0.16 


8, 6 

166 C 

— 

40 Eri C 

dM4e 

VB 


0.16 


9 

630.1 

CM Dra 

LP101 - 15/16 

dM4e 4 dM4e 

EB, 

SB 

0.238 

4 0.207 

10 

15 AB 

GQ And 

Groom 34 AB 

dMIe 4 dM6e 

VB 


0.29 

4 0.15 

6 

815 A 

V 1396 Cyg 

AC + 30 1214 - 









608 

dM3e + ? 

SB 


0.2 

4 0.3 4 ? 

1-1 

22 

— 

BD + 66 34 A A' 

dM2.5e + ? 

AB 


(0.4) 

4 0.13 

6, 12 

799 AB 

AT Mic 

IDS 720 BC 

dM4e 4- dM4e 

VB 


0.39 

4 0.30 

13 

725 AB 

— 

BD 4 59 1915 AB 

dM4 + dM5 

VB 


0.41 

4 0,41 

14 

644 

V 1054 Oph 

BD - 8 4352 AB 

dM3.5e (A + B) 

VB 


0.46 

4 0.45 

6 

719 

BY Dra 

HDE 234677 

dMOe 4 dMOe 

SB 


0.58 

4 0.60 

15 

278 C 

YY Gem 

BD 4 32 1582 

dMI 4 dMI 

EB, 

SB 

0.62 

4 0.57 

16 


"Binary type: AB = astrometric, EB = eclipsing, SB = spectroscopic, VB = visual. 

^References: 1. Heintz (1972), 2. Lippincott and Hershey (1972), 3. Probst (1977), 4. Worley and Behall (1973), 
5. Harrington and Behall (1973), 6. Gatewood (1976), 7. Lippincott (1978), 8. Lippincott (1953), 9. Heintz (1974), 
10. Lacy (1977a), 1 1 . Fekel et al. (1978), 1 2. van de Kamp (1968), 1 3. De Freitas Mourao (1976), 14. van de Kamp 
(1971), 15. Bopp and Evans (1973), 16. Leung and Schneider (1978). 
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(1976), it is tempting to relate the onset of com- 
plete convection with the appearance of hydro- 
gen emission lines in almost all dwarfs with 
spectral type later than M5. 

The high fraction of active M dwarfs in 
binary systems seems to be linked to their ability 
in preventing rotational breaking with age, a 
consequence of forced synchronization between 
rotation and orbital motion (Bopp and Fekel, 
1977; Bopp and Espenak, 1977). Rather than 
duplicity, their higher than normal rotational 
velocity and deep convection zones appear to 
be necessary conditions for activity phenomena 
to develop in late-type stars. On the other hand, 
that enhanced activity results from triggering 
effects due to their proximity is not supported 
by the present observations of flare events in 
binaries (Rodono, 1978). 

Galactic Density, Motion, and Age 

M dwarfs account for about 73 percent of 
all main-sequence stars in the solar neighbor- 
hood or about 66 percent of the total number 
of stars in our Galaxy (Allen, 1973; Arakelian, 
1969). Hence, as the histograms in Figure 9-1 
show, although their individual masses are very 
low (bottom panel), their huge number (mid- 
dle panel) makes them the largest single con- 
tributors to the stellar mass of our Galaxy. 
Assuming that the mass and space distribution 
of neighborhood stars are representative of the 
entire Galaxy, the upper panel in Figure 9-1 
shows that M dwarfs account for about 50 per- 
cent of the total mass of main-sequence stars. 

From the relative abundance of dMe and 
dM stars versus the absolute magnitude given 
by Joy and Abt (1974) and the luminosity func- 
tion in Allen (1973), the number of dMe is 
about 75 percent of dM stars (i.e., they have 
a number density in the solar neighborhood of 
about 0.04 stars pc“ 3 ). Hence, assuming: (1) all 
dMe to be flare stars, (2) the density in the solar 
neighborhood to be representative for the en- 
tire Galaxy, and (3) a conventional volume of 
the Galaxy of 10 12 pc 3 , the number of flare 
stars amounts to the impressive number 3.8 X 
10 50 stars. An even higher estimation is given 



Figure 9-1. Distribution of mean mass versus 
spectral type for main-sequence stars (bottom 
histogram ), their relative number (middle 
histogram ) } and mass density (upper histogram) 
in the solar neighborhood. Assuming that these 
distributions are representative of the entire 
Galaxy , the low-mass M dwarfs appear to be 
the largest single contributor to the stellar mass 
in our Galaxy . 

by Coleman and Worden (1976): 1.0 to 8.6 x 
10 11 stars. They have also suggested that a 
large fraction of stellar mass loss may arise 
from dMe active stars during the course of flare 
events with important consequences on the 
physics and composition of the interstellar 
medium. (See also Staller, 1976; Gershberg and 
Shakovskaya, 1976; and Mullan, 1979.) Even 
assuming our lower estimate of the total 
number and mass of flare stars, the mass loss 
due to flares from dMe stars might constitute 
an important fraction of the total mass loss 
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from stars, especially if a quasi-steady solar- 
type wind is also present. 

The mass density of M dwarfs is 0.025 M 0 
pc' 3 (Allen, 1973), accounting for about 19 
percent of the total mass of our Galaxy as given 
by Oort from z velocity (Allen, 1973). 
Therefore, dMe flare stars alone constitute a 
sizable mass component of the Galaxy (~15 
percent). 

The relative maximum in the luminosity 
function at about M y = 15 (Luyten, 1968; 
Arakelian, 1969) is almost entirely due to emis- 
sion-line dwarfs. This leads Arakelian (1969) 
to suggest the existence of a relatively young 
group of physically related stars in the solar 
neighborhood. Moreover, since dMe stars have 
lower dispersion velocity and higher vertex 
deviation than dM stars (Einasto, 1954, 1955; 
Vyssotsky and Dyer, 1957; Gliese, 1958), flare 
stars have been generally considered young ob- 
jects. However, Greenstein and Arp (1969) first 
detected flare activity on a kinematically old 
star (Wolf 359 = CN Leo). Moreover, con- 
sidering the space motions of the 22 flare stars 
which were known at that time, Lippincott 
(1971) found their mean velocity (21 km s" 1 ) to 
be comparable to the average (23 km s" 1 ) for 
202 M dwarfs in the Gliese (1969) catalog. 
Hence, Lippincott (1971) questioned the 
younger age of flare stars relative to other M 
dwarfs. 

On the other hand, Chugainov (1972) and 
Kunkel (1972) gave evidence for the existence 
of both young and old flare stars and for higher 
activity levels on younger stars. Recent investi- 
gations on the space motions of 646 red dwarfs 
(Shakhovskaya, 1975) have confirmed that the 
most active UV Cet type variable stars are in- 
deed young; however, less active stars belong 
to the old disk population and at least one case 
is known (CF UMa = Gliese 45 IB) with both 
kinematic and chemical (Tomkin, 1972) halo 
population characteristics. In addition, the 
short-period spectroscopic and eclipsing binary 
system, CM Dra (Gliese 630.1), which shows 
a light curve distortion outside eclipses at- 
tributable to starspots such as for BY Dra, has 


Population II kinematical motion (Lacy, 
1977a). 

Other examples of old flare stars are pre- 
sented by Veeder (1974a), who found 14 of 31 
single or double flare stars to have space mo- 
tions typical of old disk population. Updating 
his flare list, 18 of 38 single or double flare stars 
included in Veeder’s (1974b) list of M dwarfs 
have old disk motions. This high fraction of old 
flare stars (47 percent) can be biased by obser- 
vational selection since most of them original- 
ly came from lists of large proper motion stars. 
Actually, Iwanowska (1972) has found that 
only about 13 percent of dM and 1 1 percent of 
dMe stars belong to Population II. The relative- 
ly large fraction of old stars in Lippincott’s 
(1971) flare star sample can explain her negative 
result on the younger age of flare stars relative 
to other dM dwarfs. This is certainly true on 
the average, as demonstrated by the larger 
number and earlier spectral type of flare stars 
in young clusters and associations and by their 
rather strong emission lines, which are an in- 
dex of youth as suggested by Wilson (1963) and 
demonstrated by Wielen (1974) and Upgren 
(1978). 

The existence of old flare stars is not com- 
pletely consistent with the widespread idea on 
the fading of flare activity with age. For in- 
stance, the suggestion that the dMe or the flare 
star, which forms a binary system with another 
dM, is always the less evolved member has not 
been confirmed. Several brighter components 
of such systems do show flare activity (see 
Rodono, 1978). The most recently reported case 
is that of Gliese 867 A (Byrne, 1979; Butler et 
al., 1981). Moreover, contrary to previous 
evidence, Veeder (1974a) has shown that, in the 
M bol -(V-K) diagram, some UV Cet type flare 
stars lie below the main sequence by as much 
as one magnitude. 

In conclusion, although youth can be con- 
sidered a sufficient condition for low-mass stars 
to show flare activity, the existing evidence also 
suggests that some mechanism, such as en- 
forced rotation in binary systems, is capable of 
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prolonging considerably the active phase on a 
large fraction of stars. 

Effective Temperature, Radius, 
and Surface Gravity 

The most reliable values of surface gravity 
are those obtained from the radii and masses 
of the spectroscopic and eclipsing binaries, CM 
Dra (Lacy, 1977a) and YY Gem (Bopp, 1974a; 
Leung and Schneider, 1978). We must rely on 
indirect methods for additional data. 

Pettersen (1983a) has critically reviewed the 
existing data on global properties of active M 
dwarfs in their quiescent state. The resulting 
empirical relations involving effective tempera- 
ture ( T ), bolometric correction (BC), ab- 
solute visual magnitude (MJ, and color in- 
dices B-V, V-R, R-I, and V-K are presented 
in Table 9-2. Given the well-defined correlation 
between T g and V-K, the HR diagram (M feo/ 
versus log T g ) in Figure 9-2 has been 
calibrated to show the M bol versus V-K cor- 
relation also. 

Since well-observed dM stars are very near 
the Sun, their trigonometric parallaxes are quite 
reliable, and absolute visual magnitudes can be 


determined. Hence, by using the bolometric 
correction (Gatewood, 1976) or the bolometric 
magnitude and the effective temperature de- 
rived from their spectral energy distribution 
(Veeder, 1974a), masses and radii can be com- 
puted. Assuming the mass-luminosity relation 
and the effective temperature/( V-K) color rela- 
tion given by Veeder (1974b), we have: 

log R/Rq = 0.92 - 0.20 M bol 

(9-1) 

+ 0.104 (V-K) . 

Another method of determining stellar radii 
has been adopted by Lacy (1977b). He has es- 
timated the radii of nearby stars with known 
distance using the Barnes-Evans relation 
(Barnes and Evans, 1976; Barnes et al., 1976): 

F v = A- B ( V-R) q , (9-2) 

where A and B are constant within given ranges 
of the V-R color index. The quantity F v is the 
so-called “visual surface brightness param- 
eter,” which is related to the stellar surface 
flux, and is given by the relation, 

F = 4.2207 - 0.1 V - 0.5 log <$>' , (9-3) 

V o 


Table 9-2 

Empirical Correlations Between Global Parameters of 
M Dwarfs from Various Sources (see text) 


BC = -0.379 M v + 2.386 


(±0.27) 

BC = -4.816 ( B-V) + 5.430 


(±0.36) 

BC = -2.267 (V-/?) + 1.689 


(±0.13) 

BC = -2.124 (R-I) + 0.874 


(±0.13) 

BC = -0.816 (V-K) + 1.709 


(±0.07) 

T g = -1510 ( B-V) + 5738 K 


(±156) 

T = -645 (V-R) + 4469 K 


(±112) 

T = -648 (R-I) + 4311 K 


(± 79) 

T = -264 (V-K) + 4624 K 

e 


(±120) 

log (R/Rq) = 0.92 - 0.20 M. + 0.104 (V-K) 

(Eq. (9-1 )) 

log (MIM © ) = 1.82 - 0.25 M (M 
log ( MIM q 1 = 0.45 - 0.09 M bot VVT bol 

> 7.8) 

(Eq. (9-6)) 

< 7.8) 

(Eq. (9-7)) 

log T g = 3.77 - 0.052 (V-K) 


(Eq. (9-8)) 
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where V Q is the unreddened visual magnitude 
and </>' is the stellar angular diameter in milli- 
arcsec. Combining relation (9-3) and the rela- 
tionship between 0', the stellar radius ( R ) and 
distance ( d ), in the form: 

R/R o = 0.1074 x(0'm-arcsec) x <i(pc),(9-4) 

Lacy (1977b) derived the relation, 

log R/R q = 7.4724 - 0.2 K 

(9-5) 

- 2 F (V-R) + log d (pc) . 

This method is a powerful one because it is free 
from assumptions about spectral classification, 
luminosity class, effective temperature, and 
bolometric correction. Its application is partic- 
ularly useful for statistical purposes. A syste- 
matic difference between the radii computed us- 
ing Equation (9-1) and Veeder’s (1974b) data 
and those computed by Lacy (1977b) is appar- 
ent in Figure 9-3. Lacy (1977b) has not con- 


V - K 

4.0 6.0 8.0 10.0 

i t i i 1 i 1 i 



Figure 9-2. Bolometric magnitude versus effec- 
tive temperature for M dwarfs. The upper scale 
(V-K) has been calibrated using Equation (9-8). 
Continuous lines indicate Feeder's (1974b) rela- 
tion for constant R/R © values (Eq. (9-1)). 


sidered this difference to be significant. 
However, because Lacy’s data are consistent 
with independent estimates obtained by Gray 
(1967, 1968) following an observational/theo- 
retical approach, it would be interesting to 
check whether the above discrepancy is due to 
a systematic overestimation of the effective 
temperature with increasing M bol in the ( V-K ) 
- T calibration by Veeder. 

Lacy (1977b) and Sienkiewicz (1982) have 
confirmed the result already found by Hoxie 
(1973) that theoretical radii for the solar com- 
position zero-age main sequence by Copeland 
et al. (1970) are about 30 to 15 percent smaller 
than those derived from observations. A sys- 
tematic overestimation of effective temperature 
for theoretical models of very late main- 
sequence stars or inadequate treatment of the 
opacity sources in their atmospheres can cause 
these discrepancies. 

Bolometric magnitude, V-K color, mass, ef- 
fective temperature, radius, and surface gravi- 
ty are given in Table 9-3. The bolometric mag- 
nitudes and V-K colors (Veeder, 1974b), which 
are given in the first two columns, were used 
to calculate the remaining parameters by means 
of the empirical relation (9-1) and the follow- 
ing ones: 

log {M/M) = 1.82 - 0.25 M bo{ 

(9-6) 

> 7 - g ) . 

log {M/M) = 0.45 - 0.91 M bol 

(9-7) 

(M 6o/ <7.8), 

log T e = 3.77 - 0.052 ( V-K) . (9-8) 

The above relations are from Gatewood 
(1976), Cester (1965), and Veeder (1974b), re- 
spectively. Independently determined more re- 
cent data (e.g., the masses and the T e values) 
computed by Veeder (1974b) by fitting a black- 
body curve to broadband magnitudes, which 


415 



", 

6 


8 


10 


12 


Figure 9-3. Absolute visual magnitude versus log (R/R q) for M dwarfs. The com- 
parison between the radii computed using Equation (9-1) and Feeder’s (1974b) data 
and those given by Lacy (1977b) shows a systematically increasing deviation, which 
is probably due to a systematic overestimation of the effective temperature in the 
(V-K) - T e calibration by Feeder. 

are listed in Table 9-1, are preceded by the sym- 
bol, A. The surface gravity, g/go was com ' 
puted from the values of mass and radius given 
in Table 9-1. 

The radius of well-studied dMe stars ranges 
from about 1 Rq for CR Dra (Gliese 612.2) 
and FF And (Gliese 29.1) to 0.16 R © for UV 
Cet (Gliese 65B), G 51-15, and V 1298 Aql 
(Gliese 752B); the surface gravity ranges from 
less than the solar value for CR Dra to 5.2 g © 
for Gliese 725B; and the effective temperature 
ranges from 3800 K for the primary component 
of YY Gem (Gliese 278C) to 2100 K for V 1298 
Aql. For the two components of the spec- 
troscopic binary YY Gem, Leung and 
Schneider (1978) give 3806 ±182 and 3742 ± 

214 K, respectively. Given the listed values of 
mass and radius, the mean density of dM stars 
is higher, up to more than 20 times, than the 


solar value. V 1298 Agl (Gliese 752B) is the 
faintest and coolest dM star which is known. 

Quiescent Optical Spectra 
and Abundances 

As already noted at the beginning of this 
chapter, the global characteristics of dM and 
dMe stars are similar. Due to their low tem- 
perature (2100 to 3800 K), the optical spectra 
are dominated by strong molecular bands of 
TiO (4590, 4630, 4670, 4810, 5010, 5175, 5450, 
5850, and 6520 A) and of CaOH (5500 to 
5560 A blended with the TiO band at 5450 A). 
The most intense absorption line is due to Cal 
at 4226 A. In addition, other faint absorption 
features due to CO, OH, MgH (4845, 5210, and 
5620 A), CrI (between 4200 and 4300 A), and 
CaH (6389 A) are usually visible in low disper- 
sion spectra (100 to 200 A mm' 1 ). 



LOG (R/R e > A log (R|R e ) 
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Table 9-3 

Bolometric Magnitude V-K Color, Mass I M/M Q ), Effective Temperature (7* I, 

Radius iR/R 0 ), and Surface Gravity | g/g Q ) for uv Cet and BY Dra-Type Dwarfs 


Gliese 

No. 

Variable Star 
Name 

Spectral 

Type 

bo! 

V-K 

M/M 0 

log r 

R/Rq 

9/9 0 

Notes* 

15 A 

GQ And a 

M2.5e V 

8.9 

4.0 

AO. 29 

3.56 

0.36 

2.24 

_ 

15 B 

GQ And b 

M4.5e V 

10.9 

5.1 

AO. 15 

A3. 498 

0.19 

4.16 

_ 

29.1 

FF And 

dMOe 

7.2 

4.1 

0.62 

3.56 

0.81 

0.94 

SB 

48 

- 

dM3.5e 

8.3 

4.0 

0.56 

A3. 532 

0.55 

1.85 

_ 

51 

V 358 Cas 

dM7e 

10.7 

6.0 

0.14 

A3. 470 

0.25 

2.24 

_ 

65 A 

UV Cet a 

dM6e 

11.7 

6.6 

AO. 12 

A3. 431 

0.18 

3.70 

_ 

65 B 

UV Cet b 

dM4e 

12.1 

6.7 

AO. 11 

3.42 

0.16 

4.30 



83.1 

TX Ari 

dM5e 

11.1 

5.6 

0.11 

3.48 

0.19 

3.05 

_ 

109 

- 

dM4e 

9.2 

4.6 

0.33 

3.53 

0.36 

2.55 


207.1 

V 371 Ori 

dM3e 

8.6 

4.9 

0.47 

3.52 

0.51 

1.81 

— 

234 A 

V 577 Mon 

dM4e 

10.4 

5.6 

AO. 12 

A3. 484 

0.26 

1.78 

VC 

268 

- 

dM5e 

9.8 

5.6 

0.23 

3.58 

0.35 

1.89 

— 

277 A 

- 

dM3e 

7.7 

4.7 

0.56 

3.53 

0.74 

1.02 

SB 

277 B 

- 

dM4.5e 

8.5 

5.1 

0.50 

3.50 

0.56 

1.59 

_ 

278 Cl 

YY Gem a 

Mle V 

7.8 

3.8 

AO. 62 

A3. 580 

AO. 66 

1.42 

EB 

278 C2 

YY Gem b 

M4.5e V 

8.1 

3.8 

AO. 57 

A3. 573 

AO. 58 

1.69 

EB 

285 

YZ CMi 

dM4.5e 

9.7 

5.5 

0.25 

A3. 491 

0.36 

1.93 

_ 

- 

G51-15 

dMe 

12.4 

7.6 

0.05 

A3. 389 

0.17 

1.73 

_ 

388 

AD Leo 

M4.5e V 

8.8 

4.8 

0.42 

3.52 

0.46 

1.98 

_ 

406 

CN Leo 

dM6e 

12.2 

7.4 

0.06 

A3. 398 

0.18 

1.85 

_ 

412 B 

WX UMa 

dM5e 

12.7 

6.1 

0.04 

3.45 

0.10 

4.00 

— 

424 

SZ UMa 

Ml V 

8.3 

3.8 

0.56 

3.57 

0.45 

2.77 

_ 

447 

FI Vir 

dM5 

10.8 

5.5 

AO. 15 

3.48 

0.21 

3.40 

_ 

473 AB 

FL Vir 

dM5.5e 

11.5 

6.4 

AO. 07 

A3. 447 

0.19 

1.94 

MC 

494 

DT Vir 

dM2e 

7.4 

4.2 

0.60 

3.55 

0.75 

1.07 

_ 

516 A 

VW Com 

dM4e 

9.1 

4.5 

0.35 

3.54 

0.37 

2.56 

_ 

526 

- 

M4e V 

8.5 

4.0 

0.50 

3.56 

0.43 

2.70 

_ 

551 

V 645 Cen 

dM5e 

11.7 

6.6 

0.08 

A3. 431 

0.18 

2.47 

— 

616.2 

CR Dra 

Mle 

6.7 

4.2 

0.69 

3.55 

1.04 

0.64 

_ 

630.1 A 

CM Dra a 

M4e 

10.4 

— 

AO. 24 

A3. 498 

AO. 25 

A3. 48 

EB 

630. IB 

CM Dra b 

- 

10.5 

- 

AO. 21 

A3. 498 

AO. 23 

A3. 97 

EB 

644 AB 

V 1054 Oph 

dM4.5e 

8.7 

4.6 

AO. 46 

A3. 538 

0.46 

2.17 

MC 

669 A 

V 639 Her a 

dM4e 

9.0 

4.9 

0.37 

A3. 518 

0.43 

2.00 

— 

669 B 

V 639 Her b 

dM5e 

10.0 

5.5 

0.21 

A3. 491 

0.31 

2.19 

— 

719 

BY Dra 

MOe V 

7.0 

3.4 

AO. 60 

3.59 

0.75 

1.07 

SB 

725 A 

- 

dM4 

9.3 

4.4 

AO. 41 

A3. 538 

0.33 

3.76 

— 

725 B 

- 

dM5 

9.9 

4.7 

AO. 41 

A3. 51 9 

0.27 

5.62 

_ 

729 

V 1216 Sgr 

dM4.5e 

10.9 

5.2 

0.12 

A3. 477 

0.19 

3.32 

— 

735 

V 1285 Aql 

M2e 

7.8 

4.6 

0.55 

3.53 

0.69 

1.16 

— 

752 B 

V 1298 Aql 

dM3.5e V 

13.1 

8.7 

0.04 

3.32 

0.16 

1.56 

— 

781 

- 

dM3e 

9.4 

4.0 

0.30 

3.56 

0.29 

3.57 

SB 

860 B 

DO Cep 

dM4.5e 

10.7 

4.9 

AO. 16 

3.52 

0.19 

4.43 

— 

866 

- 

dM6e 

10.9 

6.6 

0.12 

A3. 439 

0.27 

1.65 

— 

867 B 

- 

dM4e 

9.3 

5.0 

0.31 

3.51 

0.38 

2.15 

_ 

873 

EV Lac 

dM4.5e 

9.4 

5.0 

0.30 

3.51 

0.36 

2.31 

— 

905 

- 

dM6e 

1 1.3 

6.4 

0.10 

A3. 447 

0.21 

2.27 

— 

908 

— 

M2e V 

8.7 

3.9 

0.44 

3.57 

0.39 

2.89 

- 


* Notes: EB - eclipsing binary component; MC = mean component of visual double; SB = mean component of spec- 
troscopic binary; VC = corrected for visual companion; A = parameter obtained independently, not from empirical 
relations (see text). 
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For temperatures lower than 3500 K, H 2 0 
rotational lines appear. The relation of molec- 
ular line strength to effective temperature is 
shown in Figure 9-4 from Pettersen (1983a). 
For further detail, refer to the standard dM star 
spectra by Abt et al. (1968) and Keenan and 
McNeil (1976). 

Another common feature of dM and dMe 
spectra is the occurrence of chromospheric Ca 
II H and K resonance lines in emission, which 
characterize all dwarf stars with spectral types 
cooler than F5 (Wilson, 1973; Linsky et al., 
1979; Giampapa et al., 1981; Linsky et al., 
1982). 

The spectral feature that differentiates dMe 
from dM stars is the hydrogen Ha emission line 


(Joy and Abt, 1974). Most dMe stars also show 
other emission lines, such as the higher Balmer 
lines up to H8-9, the He I (5876 and 6678 A) 
and Na D lines (5890 to 5896 A) (Giampapa et 
al., 1978; Worden et al., 1981). 

A distinctive characteristic of Ha and other 
higher Balmer lines in emission is the central 
reversal that is apparent in spectra with resolu- 
tion of the order of 0. 1 A (Kulapova and Shak- 
hovskaya, 1973; Worden and Peterson, 1976; 
Pettersen and Coleman, 1981; Worden et al., 
1981; Linsky et al., 1982). Repeated observa- 
tions of the same star, although nonsystematic, 
clearly show that this feature is variable. Ha 
reversal does not appear in the spectra of dMe 
spectroscopic binaries, probably because it is 
smeared by rotational broadening. 
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Figure 9-4. Empirical correlations between effective temperature and strengths of 
molecular features in red-dwarf stars (from Pettersen, 1983a). 




Several interpretations of Ha reversal are 
possible. However, following Worden and 
Peterson (1976) and Worden et al. (1981), op- 
tically thick emitting regions in the Ha 
emission-line core— similar to solar active re- 
gions such as plages, spicules, and promi- 
nences — seem to be likely candidates. A selec- 
tion of line profiles of Ca II H and K, Ha, and 
Na D is presented in Figures 9-5, 9-6, and 9-7. 

From comparative study of high-resolution 
Ca II H and K lines in dM and dK5-Me stars, 
Giampapa et al. (1981) have shown that sur- 
face fluxes and radiation temperatures are 
systematically higher in the latter. They have 
also confirmed that, for both emission and 
nonemission dwarfs, the ratio of surface flux 
in the H and K lines to the bolometric one, 
R rk = [F' (H x ) = F r {K x )]/{oT e \ is com- 
parable to or larger than that for supergiants 
and definitely larger than that for giants (Blan- 
co et al., 1974; Linsky et al., 1979). 

The fraction of dMe stars among all M 
dwarfs increases with advancing spectral sub- 
class to nearly 100 percent at M5. However, 
Liebert et al. (1979) and Giampapa (1983a) 
have found several non-emission-line stars 
among M dwarfs with M v > 15. The occur- 
rence of such emission lines in only a fraction 
of late K and M dwarfs indicates that different 
outer atmospheric regimes can be set up in stars 
that have similar global physical properties. In 
emission-line dwarfs, excess nonradiative en- 
ergy deposition leads to chromospheric tem- 
perature gradients steeper than in non-emission- 
line dwarfs so that, as shown by Kelch et al. 
(1979) and Cram and Mullan (1979), Balmer 
lines develop emission cores. They have found 
that successful modeling of Balmer-line absorp- 
tion in dwarfs also requires some degree of non- 
radiative chromospheric heating. A solar 
analogy is particularly useful in this context in 
predicting a possible origin for the enhanced 
chromospheric emissions. As shown by Shine 
and Linsky (1974), Basri et al. (1979), and Ver- 
nazza et al. (1981), the strong emission lines 
from solar chromospheric plages require tem- 
perature or pressure gradients steeper than 
those of adjacent quiescent regions. 


Since solar plages are characterized by 
enhanced magnetic flux, nonradiative heating 
in closed magnetic structures is likely to pro- 
duce the required steep temperature gradient 
and the observed enhanced emission. This anal- 
ogy suggests that dMe star chromospheric 
structures are dominated by closed magnetic 
fields. Some debate has occurred on how the 
magnetic fields might be generated (cf. Wor- 
den, 1974; Mullan, 1975a). This topic will be 
discussed at some length in the section Nonther - 
mal Energy Sources of Activity and Conclu- 
sions, together with other indirect evidence and 
actual measurements of magnetic field strength 
in dMe stars. (See also the section Activity 
Signatures .) Here, it is worth mentioning that 
a self-excited a-co dynamo in the convection 
zone appears to be the basic mechanism for 
magnetic field production in active stars (cf. 
Belvedere, 1983). The interaction of convection 
and rotation leads to a regime of differential 
rotation, which is required by the dynamo 
mechanism. Since dM and dMe stars have com- 
parable masses and the theoretical models in- 
dicate that they are highly convective, the 
parameter that triggers emission-line 
characteristics and activity should be the higher 
than normal rotational velocity of dMe stars 
with respect to M stars. The high incidence of 
late K-M emission-line active stars in close 
binary systems, in which synchronization be- 
tween orbital motion and rotation enforces high 
stellar rotation, is consistent with the forego- 
ing scenario of magnetic field generation. 

In Table 9-4, typical parameters for emis- 
sion lines in late K-M dwarfs and the observed 
range of variability are presented. In fact, one 
must bear in mind that sporadic variability of 
the emission-line intensity frequently occurs. 
From the very beginning of systematic spec- 
troscopy of dMe flare stars at the Crimea and 
McDonald Observatories, independent evi- 
dence of sporadic emission-line variability on 
time scales of the order of 1 hour, other than 
during flare events, was collected (cf. Gersh- 
berg, 1977). Even a transient, almost complete 
gradual disappearance of H I and Ca II emis- 
sion lines has been observed on YZ CMi (Bopp, 
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Figure 9-5. High-resolution Ca II H and K line profiles in dM and dMe stars (from Giampapa et 
al., 1981). The vertical axes are scaled so that 100 corresponds to the maximum surface flux between 
the H and K lines. Each star is plotted twice on two different scales (left and right panels). The ver- 
tical scales on the right panels have been enlarged with respect to those on the left for the same star 
to show the line core profiles. 
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Figure 9-6. High-resolution neutral hydrogen Ha line profiles from various sources. 
Repeated observations of the same star have shown that the Ha central reversal which 
probably arises from solar-type optically thick active regions , is a variable spectral 
feature. From (a) Worden and Peterson (1976), (b) Hartmann and Anderson (1977), 
(c) Giampapa et al. (1978), and (d) Linsky et al. (1982). 
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Figure 9-7 . High-resolution profiles of Na D lines in M dwarfs 
(from Worden et al., 1981). 






Table 9-4 

Surface Flux (f) in the Principal Ultraviolet Emission Lines for the Sun and Active Late-Type K-M Dwarfs 
and Assumed Ratio of Surface Flux to Observed Flux at Earth (F/7® ) 
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•Notes: (a) 6.4(2) = 6.4 x 10 2 , (b) computed from observed fluxes by Hartmann et al. (1982) and F/f ratio (= 2.88 x 10 17 ) by Linsky et al. (1982). 

TReference. 1. Linsky et a). (1982), 2. quoted by Hartmann et al. (1979a), 3. Ayres et al. (1981b), 4. unpublished data from coordinated SERC-NASA-ESA 
observations with IUE by the Armagh, Boulder, and Catania groups, 5. Hartmann et al. (1982), 6. from observed fluxes by Hartmann et al. (1982) and F!f m ratio 
by Linsky et al. (1982), 7. Butler et al. (1981). 



1974b). This type of short-term sporadic vari- 
ability— if not due to fading flares or rotational 
modulation of active region visibility— suggests 
actual transient changes in the physical condi- 
tions underlying the emitting region; these are 
conceivably due to nonthermal instabilities. 
Baliunas et al. (1981) have also detected peri- 
odic variability of the emission cores of Ca II 
H and K lines in e Eri (K2 V) similar to those 
seen in solar oscillations. 

Stellar model chromospheres developed at 
the Joint Institute for Laboratory Astrophysics 
by J.L. Linsky and his collaborators in a re- 
cent series of papers, most of which are quoted 
in this section, have corroborated the sugges- 
tion first outlined by Gershberg (1970, 1974) 
about the qualitative similarity of solar and 
stellar chromospheres. However, the latter are 
less extended, hotter, denser and show larger 
surface inhomogeneities than those of the Sun 
(cf. 3.2). (See the section Surface Inhomoge- 
neities in the Outer Atmosphere.) 

From the width of hydrogen lines, an upper 
limit of 14000 K for the chromospheric electron 
temperature can be predicted. However, the 
centrally reversed Ha profiles have a half-width 
of ~ 1 A, implying a temperature of 4 x 10 4 
K for an optically thick emitting region with 
electron density lower than 10 13 cm" 3 . The in- 
tensity ratio of triplet to singlet He I emission 
lines, I(5876)/I(6678), is 3.7 (i.e., similar to that 
in active solar prominences). These He I lines 
are probably excited by collision from ground 
state in the chromospheric region with T = 2-5 
X 10 5 K and column density « f x{~6x 10 18 
cm" 2 , implying that the chromospheric regions 
for n = 10 10 to 10 12 cm' 3 are thin. Even thin- 

e 

ner chromosphere could result if, according to 
Kunkel (1970) and Gershberg (1974), n e = 
10 12 to 10 14 cm" 3 . 

In addition to age, abundance is believed to 
be responsible for the large spread of M dwarfs 
in the HR diagram. However, Hartmann and 
Anderson (1977) did not find appreciable abun- 
dance differences between emission and non- 
emission K7-M1 dwarfs. They made a curve of 
growth analysis of high-dispersion echelle spec- 
tra of six old disk stars obtained at the Kitt 


Peak 4-meter telescope in the region of 5900 to 
6600 A with 0.1 to 0.15 A resolution. The de- 
rived abundances were similar to the solar ones 
to 0.2 dex. 

From high-resolution Fourier transform in- 
frared (1.5 to 2.5 spectra of six K7-M5 
dwarfs and subdwarfs obtained with the same 
Kitt Peak telescope, Mould (1978) concluded 
that subdwarfs are metal poor ([M/H] — -0.3), 
whereas the one star in his sample which was 
above the main sequence is metal rich ([M/H] 
= 0.5). He also gave an upper limit of 0.2 
magnitude to the dispersion in the HR diagram 
attributable to abundance effects. 

A search for the lithium line at 6707 A 
(Bopp, 1974c) in 14 flare stars showed no de- 
tectable lithium (EW < 50 mA), but on Gliese 
182 = V 1005 Ori (EW ~ 200 mA). De la Reza 
et al. (1981) have confirmed this detection and 
obtained a ratio [Li/H] close to the interstellar 
value. 

Essentially, none of the studied late K-M 
emission-line dwarfs differ from field K-M 
stars in their lithium content (Herbig, 1965). 
This is consistent with their highly convective 
structures, implying severe pre-main-sequence 
lithium depletion (Bodenheimer, 1965). The 
only BY Dra flare star with high lithium abun- 
dance is the K4 Ve dwarf, BD-10 4662AB (FK 
Ser). However, it is not clear whether it is in 
a post T Tauri phase (Herbig, 1973) or, accor- 
ding to its infrared colors, is a low-active T 
Tauri star (Zappala, 1974). Actually, its infra- 
red excess is one order of magnitude lower than 
a bona fide T Tauri star (Hackwell et al., 1974). 

Pettersen (1983a) notes that much caution 
should be exercised in deriving metal-to- 
hydrogen ratios for active stars from the photo- 
metric metallicity index. As demonstrated by 
Giampapa et al. (1979) for the solar case, ac- 
tive region photometry in the Stromgren system 
leads to apparent lower metal abundance than 
for the quiet Sun. Therefore, photometrically 
determined metal abundance for dMe stars will 
be systematically lower than for dM stars be- 
cause of the integrated effect of their huge ac- 
tive regions with filling factors up to 100 
percent. 
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Ultraviolet, X-Ray, and Radio Data 

The optical spectra of dM and dMe stars 
show the signatures of powerful solar-type 
chromospheres (i.e., of atmospheric regions in 
which the temperature gradient dT/dh , which 
is negative in the photosphere, becomes posi- 
tive, and nonradiative heating dominates the 
energy balance). However, the temperature re- 
gime of chromospheres (4300 to 25000 K) and 
of the overlying shallow transition regions 
(25000 to 1 x 10 6 K) and the coronae (1 to 
3 x 10 6 K), together with the monotonic de- 
crease of matter density, allow the formation 
of numerous low to high excitation emission 
lines and continua, which fall into the ultra- 
violet and X-ray domains. The International 
Ultraviolet Explorer (IUE) and Einstein satel- 
lites, which became operative in 1978, have 
greatly contributed to the impressive progress 
in the study of the outer atmospheres, particu- 
larly for red-dwarf stars. Their faint or non- 
existent ultraviolet background continua make 
it possible to detect and analyze important spec- 
tral features, such as Mg II h and k (2803 and 
2796 A), O I (1305 and 1355 A), C I (1657 A), 
Si II (1808 and 1812 A), the Fe II multiplet 
(-2610 A), Si II (1335 A), Si III (1892 A), C 
111(1175 and 1909 A) Si IV (1394 and 1403 A), 
C IV (1548 and 1551 A), N V (1238 and 1242 
A), and O V (1371 A). Soft X -ray emission is 
essentially ubiquitous among red-dwarfs, with 
dMe stars having the largest ratios of LJL bol 
(cf. Linsky, 1980a, 1980b; Vaiana, *1981°; 
Vaiana et al., 1981). These are powerful 
diagnostics for nonradiative heating processes 
in the outer stellar atmospheres. 

A few representative LWR* and SWP r 
spectra of quiescent dMe stars obtained with 
IUE are presented in Figures 9-8 and 9-9, 
respectively. 

The recent insight into the physics of red- 
dwarf atmospheres needs to be viewed in the 


*Long-wavelength redundant (camera). 
'Short-wavelength primary (camera). 


general context of stellar outer atmospheres. 
The major observational results include the 
following: 

1. The radiative loss in the Ca II H and K 
emission lines alone, which accounts for 
only a fraction of the total chromo- 
spheric energy loss in red dwarfs (Linsky 
et aL, 1982), cannot be accounted for by 
the dissipation of acoustic fluxes based 
on the Lighthill-Proudman theory (cf. 
Stein, 1967; Renzini et al., 1977) as first 
shown by Blanco et al. (1974). Refined 
calculations by Bohn (1983) now seem to 
overcome this difficulty also at the co- 
ronal level. 

2 . The Mg II fluxes (Linsky and Ayres, 
1978; Basri and Linsky, 1979; Linsky et 
al., 1982) and the coronal soft X-ray 
emissions (Vaiana et al., 1981; Ayres et 
al., 1981b) are independent of gravity 
and effective temperatures, contrary to 
what is expected if heating by acoustic- 
wave dissipation dominates. Slow mode 
magnetohydrodynamics (MHD) waves in 
flux tubes have been subsequently pro- 
posed to overcome this difficulty (Ulm- 
schneider and Bohn, 1981). 

3 . A plot of emission-line surface fluxes ver- 
sus temperature of line formation in qui- 
escent G-M dwarfs shows a qualitative 
trend similar to that of the quiet Sun, but 
in M dwarfs, the emission lines are 
fainter by a factor of 3. Instead, active 
and dMe star surface fluxes in chromo- 
spheric lines are comparable to, or up to 
one order of magnitude larger than, 
those of solar very active regions 
(VAR’s). The enhanced emissions in dMe 
stars get progressively larger than the 
solar one, up to two orders of magni- 
tude, at higher temperatures of forma- 
tion (i.e., at transition region and coronal 
levels (Ayres et al., 1981b; Oranje et al., 
1982; Rodono, 1983; Linsky et al., 
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Figure 9-8. Typical Mg II h and k emission lines and Fe II line blend (261 0 A) in 
low-resolution ultraviolet spectra of M dwarfs obtained with the LWR (2000 to 
3200 A) camera oflUE. The line flux increases by several units during active phases 
(from Linsky et al., 1982). 


1982)). A plot of surface fluxes in UV 
emission lines versus temperature of for- 
mation for several representative sources 
(Figure 9-10) clearly shows that the heat- 
ing rate of transition regions and coronae 
is much higher or efficient than at 
chromospheric levels. The correlation 
plots in Figure 9-11 between chromo- 
spheric, transition region, and coronal 
flux ratios for cool giants and dwarfs 
(Ayres et al., 1981a) indicate linear logar- 
ithmic correlations, whose slopes in- 


crease in passing from chromospheric to 
coronal diagnostics. 

4. Stars with chromosphere-corona transi- 
tion regions appear to be located in defi- 
nite areas of the HR diagram (Linsky and 
Haisch, 1979; Ayres et al., 1981b; Simon 
et al., 1982), areas in which solar-type 
hot coronae are observed (F-M dwarfs 
and late F-K giants), whereas cool stellar 
winds or hybrid-spectra (Hartmann et 
al., 1980; Hartmann, 1983) characterize 
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Figure 9-9. Upper panel: Chromospheric and transition-region emission lines in low-resolution 
ultraviolet spectra of M dwarfs obtained with the S WP (1150 to 2000 A) camera of IUE (from Linsky 
et al., 1982). The temperature of line formation ranges from a few thousands (C I, O I) to more than 
200000 K (C IV, N V). Lower panel: High-resolution profiles of major UV lines from deeply exposed 
SWP and L WR spectra of the flare star, A U Mic (M1.5e), obtained by Ayres et al. (1983). The wave- 
length scale is calibrated in relative velocity. Arrows designate prominent particle radiation events 
or blemishes (from Ayres et al., 1983). 
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Figure 9-10. Surface fluxes in UV emission lines 
versus maximum temperature of formation 
(T max ) f or ^ stars at Q u * escent an d active 
phases compared with the qualitatively similar 
trends for the quiet Sun and a solar very active 
region (VAR) (from Rodono, 1983). 


brighter red giants and supergiants (Sten- 
cel, 1978; Stencel and Mullan, 1980; 
Haisch and Simon, 1982). As suggested 
by Linsky (1983a, 1983b), among others, 
what differentiates cool dwarfs with 
transition regions and hot coronae from 
supergiants with cool winds is the struc- 
ture of magnetic fields that dominate in 
their outer atmospheres; closed flux 
tubes enhance the energy deposition and 
prevent the outflow of plasma across the 
field lines, whereas open magnetic struc- 
tures lead to strong stellar winds. The 
evidence for closed magnetic loops from 
observed activity phenomena in red 
dwarfs will be presented in the section 
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Activity Signatures. As in the best known 
active star— the Sun— closed and open 
magnetic structures may well exist at the 
same time. What differentiates dMe 
from dM stars is that, in the former, 
closed magnetic loops dominate over 
open structures so that the energy depo- 
sition in the outer atmosphere is en- 
hanced, giving rise to surface inhom- 
ogeneities like plages. (See the section 
Surface Inhomogeneities in the Outer 
Atmosphere.) On the other hand, open 
structures and possibly slow mass loss 
may dominate in dM stars, making them 
observationally less remarkable than ac- 
tive dMe stars. 

5. The well-known increase of chromo- 
spheric radiative losses with rotationl ve- 
locity and inverse square root of age 
(Skulmanich, 1972, and references there- 
in) also apply to chromospheric UV, 
transition region, and coronal fluxes 
(Ayres and Linsky, 1980; Pallavicini et 
al., 1981; Walter, 1982; Golub, 1983, 
references therein). Several of these func- 
tional relations have been critically ana- 
lyzed by Catalano and Marilli (1983). 
They conclude that the various empirical 
relations between chromospheric and co- 
ronal diagnostics with stellar rotation 
and age for main-sequence stars arise be- 
cause the rotation period depends only 
on stellar mass (m) and age (7)- They 
found the following exponential correla- 
tions: 


L k (M/M q , t) ~ L K ( 1,0) 
x (M/M q ) 5A X 10- 1 - 5 x>° 5 ^ , 


L 


X 



These empirical relations are fundamen- 
tal for the purpose of establishing firm 
observational constraints on theories of 
stellar activity, such as the a-ai dynamo 


i 




10 30 100 300 I0 3 3 «I0 3 I0 4 30 I DC 30C 1C 3 3 » I0 3 I0 4 30 100 300 10 3 3 1 10 3 I0 4 




Figure 9-11. Correlation plots showing the power-law dependence of chromospheric , transition region , 
and coronal fluxes from Mg II line relative flux (from Ayres et al. , 1981b). 


(cf. reviews by Rosner, 1983; Belvedere, 
1983), that can account for the genera- 
tion and emergence of magnetic field on 
the stellar atmospheres (Belvedere et al., 
1980; Durney et al., 1981). 

6 . Soft X-ray luminosities in the range 10 26 

to 10 30 erg s" 1 have been determined for 
about 40 dM stars (cf. Golub, 1983; 


Johnson, 1983). They show a large lumi- 
nosity spread and variability. Quiescent 
emission coronal temperatures lie in the 
restricted range log T = 6.4 to 6.9, ex- 
cept for the very active stars, BY Dra and 
Cr Dra, whose coronal temperatures ex- 
ceed 10 6 7 K. Soft X-ray luminosities ver- 
sus coronal temperatures are plotted in 
Figure 9-12 (from Serio et al., 1985). 
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Figure 9-12 . Soft X-ray luminosity of late-type 
stars , including M dwarfs , versus coronal 
temperature from observations with the image 
proportional counter (IPC) of the Einstein 
Observatory . The IPC spectra of dwarfs and 
subgiants , except one subgiant , suggest two co- 
ronal components at temperatures of about 2.1 
x 10 6 and 1.3 x 10 7 K (from Serio et al., 
1985). 

It is apparent that X-ray emission is 
positively correlated with coronal tem- 
perature for main-sequence stars and 
negatively correlated with stellar surface 
gravity, in fairly good agreement with the 
Rosner et al. (1983) model for the forma- 
tion and maintenance of magnetically 
confined hot coronal plasma. All of the 
X-ray spectra of cool dwarfs and sub- 
giants, except one subgiant, in Serio et 
al. (1985) indicate two-temperature co- 


ronal components. The temperatures dif- 
fer up to one order of magnitude and do 
not appear to be correlated with X-ray 
luminosity. 

7 . After several negative results and unsuc- 
cessful attempts (Altenhoff et al., 1976; 
Johnson and Cash, 1980), quiescent mi- 
crowave emission at the 1 to 2 mJy level 
has been detected with very large array 
(VLA) from the active dMe stars chosen 
because of their strong X-ray coronal 
emission and/or other activity indica- 
tors (Gary and Linsky, 1981; Topka and 
Marsh, 1982; Fischer and Gibson, 1982; 
Gary et al., 1982; Linsky and Gary, 
1983). Only upper limits were obtained 
for all dwarfs earlier than M except 
X 1 Ori (GO V). In Table 9-5, quiescent 
radio and X-ray data for dMe stars are 
presented. The detected microwave flu- 
xes exceed by 1 to 2 orders of magni- 
tude those predicted by assuming opti- 
cally thin thermal bremsstrahlung con- 
sistent with the flat radio spectra unless 
implausibly large and relatively cold 
(-5 x 10 6 K) coronae are postulated, 
which is inconsistent with X-ray observa- 
tions. Linsky and Gary (1983) conclude 
that gyrosynchrotron emission from a 
more confined nonthermal electron com- 
ponent is the likely emission mechanism. 
Occasionally, they observed both right- 
and left-hand circular polarization up to 
50 percent. 

There are now sufficient arguments sug- 
gesting that, as in the Sun, the atmospheric 
structures of dM and, especially, of dMe stars 
are controlled, even in their “quiescent” 
phases, by the magnetic field strength and 
topology (Vaiana and Rosner, 1978; Linsky, 
1980a, 1983a, 1983b). The long-lasting efforts 
to detect those important but elusive fields are 
now paying their dividends; successful detec- 
tion is being reported at an ever increasing rate. 
(See the section Nonthermal Energy Sources of 
Activity and Conclusions.) 
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Table 9-5 

X-Ray and Microwave Luminosities of Active M Dwarfs 
from the Einstein IPC and VLA 6-cm Fluxes, Respectively* 


Gliese 

(1969) 

No. 

Star Name 

Spectral Type 

109 L X 

(erg s' 1 ) 

Ref. 1 

log l r 

(erg s' 1 Hz" 1 ) 

Ref. 1 

15 AB 

GQ And 

dM2.5e + dM4.5e 

27.1 

1 



65 AB 

UV Cet 

dM5.5e + dM5.5e 

27.3-27.6 

1 

13.04-1 3.36(B) 

2 

83.1 

TX Ari 

dM5e 

27.6 




166 C 

40 Eri C 

dM4.5e 

27.8 

1 



206 

V 998 Ori 

dM4e 

29.1 

3 



229 

HD 42581 

dM2.5e 

28.8 

4 



234 AB 

V 577 Mon 

dM7e 

26.9 

4 



268 

Ross 986 

dM7e 

27.5 

4 



278 Cl 

YY Gem 

dMI + dMIe 

29.6 

1 

14.36-14.66 

2 

285 

YZ CMi 

dM5e 

28.6 

5 



388 

AD Leo 

dM4,5e 

29.0 

4 



406 

CN Leo 

dM8e 

26.6-27.1 

1, 4 



412 AB 

WX UMa 

dM2e + dM8e 

27.5-28.5 

4 



477 

FI Vir 

dM5 

26.6 

3 



490 AB 

DM + 36 2322 

dMOe + dM4e 

28.9 

1 



551 

V 645 Cen 

dM5e 

26.6-27.4 

4 



612 

CR Dra 

dMI ,5e 

29.1 

6 



644 AB 

V 1054 Oph 

dM3.5e 

29.3 

1 

13.40-13.83 

2 

644 C 

Wolf 630 C 

dM5e 

26.4 

4 



719 

BY Dra 

dMOe + dM2e 

29.5 

6 



752 AB 

V 1298 Aql 

dM3.5 + dM5e 

27.1 

1 



799 A 

AT Mic 

dM4.5e + dM4.5e 

29.3 

4 



803 

AU Mic 

dM2.5e 

29.9 

4 



852 AB 

Wolf 1561 

dM4.5 + dM5e 

29.5 

4 



860 AB 

DO Cep 

dM3 + dM4.5e 

27.4 

1 



866 

L 789-6 

dM7e 

26.9-27.0 

3, 4 



867 AB 

HD 214479 

dM2e + dM4e 

29.0 

4 



896 AB 

EQ Peg AB 

dM4e + dM5.5e 

28.8 

1 



905 

HH And 

dM6e 

26.3 

3 



— 

HD 202560 

dMOe 

27.2 

4 




DM + 01 2684 

dMOe 

28.2 

4 




*When several measurements are available, the range of variability is given. 

1 References: 1 . Vaiana et al. (1981), 2. Linsky and Gary (1983), 3. Johnson (1983), 4. Golub (1983) and references 
therein, 5. Kahler et al. (1982), 6. Serio et al. (1985). 
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ACTIVITY SIGNATURES 


Having discussed at some length the global 
characteristics of late-type dwarfs and, in par- 
ticular, of dM-dMe stars in their quiescent 
phases, we can now turn our attention to their 
active phases. Variability on time scales from 
a few seconds to several months seems to be 
a peculiar characteristic of some dM and of all 
dMe stars. 

This variability arises from nonstationary 
activity phenomena occurring in their atmo- 
spheres from atmospheric to coronal levels. As- 
suming the solar activity as a valid guideline, 
the stellar phenomena we expect to detect and 
study are transient atmospheric inhomogenei- 
ties (such as spots, plages, and coronal struc- 
tures), flare events, and activity cycles. 

Surface Inhomogeneities in the Photosphere 

Periodic, or quasi-periodic, low-amplitude 
wideband photometric variations are observed 
in several nearby K-M emission-line dwarfs and 
subgiants. Most of them are members of binary 
systems. The observed light curve shape is al- 
most sinusoidal, so that it is widely referred to 
as the photometric wave or distortion wave, the 
latter to emphasize its distortion effects on 
eclipsing binary light curves. The peak-to-peak 
“wave” amplitudes are of the order of 0.1 
magnitude and the photometric periods are 
typically a few days. Both the wave amplitude 
and period undergo striking changes. System- 
atic observations have shown that notable 
asymmetric or double-wave structures often de- 
velop, and at other times, essentially no vari- 
ability is detected. Generally, after a period of 
apparently irregular changes, a sinusoidal wave 
is restored. These variations are acompanied by 
small ( ~ 0.01 mag), if any, U-B and B- V color 
changes, so that, following Kron’s (1950, 1952) 
suggestion, they are attributed to unevenly dis- 
tributed cool photospheric spots, whose visibil- 
ity is modulated by the star’s rotation. 

The discrepancy between the spectroscopic- 
ally determined 5.97599d orbital period for the 


BY Dra 



PHASE 


Figure 9-13. Synoptic light curves of BY Dra 
from observations obtained at several places 
(from Rodonb, 1983). The highly variable 
photometric wave is attributed to surface spots, 
whose visibility is modulated by the star’s 
rotation. 


double dMO close binary, BY Dra (Bopp and 
Evans, 1973), and the 3.836d photometric pe- 
riod (Chugainov, 1966; Rodono et al., 1983), 
which is identified as the active component’s 
rotational period, has substantiated the spotted- 
star hypothesis or the so-called BY Dra syn- 
drome (Kunkel, 1975). Typical synoptic light 
curves are shown in Figure 9-13. In Table 9-5, 
the most relevant data on the photometric wave 
in BY Dra stars are given. Most of the stars 
listed in Table 9-6 are also known UV Ceti type 
flare stars. (See the section Stellar Flares.) This 
makes it manifestly questionable to separate BY 
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Table 9-6 

Relevant Properties of the Best Known BY Dra Type Stars 
(Most are also known UV Ceti type flare stars) 
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Dra stars as a distinct group of variables relative 
to the UV Ceti type stars (Gershberg and 
Shakhovskaya, 1974; Rodono, 1980). 

Similar low-amplitude photometric waves 
have been found on several Pleiades dwarfs 
(Robinson and Kraft, 1974; van Leeuwen and 
Alphenaar, 1983) and on G-K subgiants, 
notably pre-main-sequence T Tau stars 
(Rydgren and Vrba, 1983) and mainly post- 
main-sequence components of RS CVn binaries 
(cf. Hall, 1981; Rodono, 1981; Catalano, 
1983). 

Useful information on the physical charac- 
teristics and surface distribution of starspots 
can be inferred from spot modeling methods 
first developed by Torres and Ferraz Mello 
(1973). Basically, analytical light curves, which 
are produced by a rotating spotted-star model, 
are computed (cf. Bopp and Evans, 1973; 
Friedmann and Gurtler, 1975; Vogt, 1975, 
1981a, 1981b) and compared with observations. 
However, due to the large number of free 
parameters — the inclination of the stellar rota- 
tion axis, the light level of the unspotted star, 
the spot location on the stellar surface, the spot 
extent and temperature difference with respect 
to the unperturbed photosphere— unique solu- 
tions are not possible unless some of the re- 
quired parameters are obtained independently 
and accurate color variations are available (cf. 
Vogt’s 1983 review and references therein). Al- 
though modeling a given light curve may be 
questionable or even meaningless, independent 
modeling of synoptic light curves spanning 
many years are of value for the purpose of in- 
vestigating average characteristic and temporal 
behavior of spots. 

Typically, spotted areas covering 10 to 40 
percent of the projected stellar disk and spot 
temperatures cooler than the surrounding pho- 
tosphere by about 400 to 1500 degrees have 
been inferred. Of particular value is the study 
of photometric period variations because it 
might reflect the migration of the spotted area 
photocenter on the surface of a differentially 
rotating star (Oskanian et al., 1977). The result- 
ing lower limits obtained for binary star compo- 


nents are comparable to or smaller than the so- 
lar differential rotation in the 5 to 35 degree 
latitude range (Blanco et al., 1982; Bartolini et 
al., 1983; Rodono et al., 1983; Busso et al., 
1984). 

This result is somewhat surprising because 
the huge starspots, inferred from light-curve 
modeling, would require powerful and efficient 
dynamos (i.e., higher than solar differential ro- 
tation rates). However, in addition to the cir- 
cumstance that only lower limits of stellar dif- 
ferential rotation of binary system components 
have been determined, tidal coupling torques 
in binary systems might strongly affect the dif- 
ferential rotation regime of the individual 
components (Scharlemann, 1981, 1982; 
Rodono, 1982; Catalano, 1983). This suggests 
that active systems experience a continuous 
competition between magnetohydrodynamic 
forces and dynamical orbital coupling, whose 
relative effects on stellar activity and orbital 
motion are at present unknown. It would be in- 
teresting to consider possible implications of 
this dynamical “struggle” in determining the 
duration and amplitude of activity cycles. 

Typical characteristics of sunspots and star- 
spots are presented in Table 9-7. A comparison 
of the listed parameters is valuable as long as 
the fundamental difference between solar and 
stellar observations is not overlooked: sunspot 
parameters are obtained from direct spatially 
resolved observations of active regions, whereas 
starspot parameters are inferred from the inte- 
grated surface properties of stellar photo- 
spheres. 

Standard spot models assume either bright 
or dark spots to have no effect on the surround- 
ing photosphere (i.e., no spatial redistribution 
of the missing flux is postulated). This is con- 
sistent with the available observations because, 
as noted by Hartmann and Rosner (1979), the 
missing flux in the large spotted area required 
by the observed light variations, if spatially 
redistributed, should produce color changes 
larger than those observed. Mullan (1975b) has 
suggested that a fraction of the missing energy 
in starspots could energize stellar flares. A 
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Table 9-7 

Typical Characteristics of Spots on the Sun and Active Stars 


Parameter 

Sun 

Stars 

Spectral type 

G2V 

K0-M5 V-IV 

Equatorial surface velocity (km s -1 ) 

2.03 

5-40 

Differential rotation {rad s _1 degree -1 ) 

6.o x icr 9 

< 2 x 1CT 10 (RS CVn) 

(latitude range for the Sun: 35-5 degrees) 


< 3 x 10~ 10 (BY Dra) 

Area {in unit of disk, sunspot number = 100) 

2 X 1CT 5 -2x 10 3 

0.1 - 0.4 

Effective temperature (K): 



Umbra 

4250) 


Penumbra 

5680 f 

3500 ± 400 

Temperature difference: 



Photosphere-umbra 

1800) 


Photosphere-penumbra 

400 J 

600 ± 1200 

Temperature ratio: 



Umbra/photosphere 

0.70 ) 

0.75 - 0.85 

Penumbra/photosphere 

0.94 J 

Brightness ratio (V-band): 



Umbra/photosphere 

0.24 ) 

0.30 - 0.50 

Penumbra/photosphere 

0.78 f 

Variability due to rotational modulation of 
spots at maximum {%) 

<0.03 

10 - 40 

B q (kilogauss) 

1-4 

3 - 10* 

Lifetime of large groups (months) 

<1.5 

0.3 - 10 

Spot cycle (years) 

1 1.04 

5-60 


*From theoretical estimates {see Mullan, 1983). 

similar qualitative mechanism has been propos- 
ed by Gershberg (1983) to explain a variety of 
phenomena, including flare activity and the ir- 
regular light variations of T Tau stars. 

Hence, in the photospheres of active late 
K-M emission dwarfs, strong departures from 
static thermal equilibrium, similar to conditions 
in the vicinity of a sunspot group, occur. Tak- 
ing into account that the theoretical studies of 


the role of magnetic fields in affecting the 
efficiency of convective energy transport are at 
present inconclusive, we may conclude that, 
following Gershberg (1983) and Phillips and 
Hartmann (1978), qualitative models cannot be 
worked out in detail. Moreover, additional 
time-resolved spectroscopic and photometric 
data on BY Dra type variability are needed to 
establish firm observational constraints on the- 
oretical models (cf. Mullan, 1983). 
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Surface Inhomogeneities in 
the Outer Atmosphere 

Pursuing the solar/stellar analogy toward 
the outer atmosphere, enhanced emission at 
chromospheric and transition region levels 
should occur in the so-called plages — large 
areas of enhanced emission that generally over- 
lie sunspots. Their large extent is consistent with 
the upward divergence of magnetic field lines 
originating in sunspots. The most prominent 
chromospheric lines show variable flux corre- 
lated with both the solar cycle (Wilson, 1978; 
White and Livingstone, 1981) and the solar ro- 
tation phase (Bumba and Ruzickova-Topolova, 
1967; Bappu and Sivaraman, 1971). The latter 
was detected near the minimum of the solar cy- 
cle, when the reduced number of localized 
plages allowed the detection of a few percent 
modulation of Ca II H and K line fluxes induc- 
ed by the solar rotation. Oranje (1983a, 1983b) 
has recently shown the effect of plages on the 
Ca II K line intensity and profile integrated over 
the full solar disk (i.e., when the Sun is ob- 
served as a star). He concludes that the Ca II 
K variations with the solar activity cycle are 
largely due to plage extension and intensity 
variations, the chromospheric network con- 
tribution (< 8 percent) remaining unchanged. 

Wilson’s (1978) pioneering stellar work on 
Ca II H and K line fluxes has demonstrated the 
existence of cyclical variability on time scales 
close to 10 years and irregular changes on time 
scales from 1 day to several months on several 
tens of late-type main-sequence stars. A period- 
icity analysis of Wilson’s data allowed Stimets 
and Giles (1980) to discover rotational modula- 
tion on 10 stars. This is a remarkable and in- 
dicative result because Wilson’s sampling 
schedule for acquiring the data was not devised 
for rotational modulation studies. At present, 
several programs for searching for variability 
of stellar chromospheric lines are being carried 
out successfully (Baliunas and Dupree, 1979; 
Baliunas et al., 1981, 1983; Vaughan et al., 
1981; Vaughan, 1983). 

The orbital motion of binary systems offers 
a useful timing reference for the rotational 


phase of active components (i.e., for the 
passage of active areas across the visible hemi- 
sphere) so that it is possible to map their loca- 
tion and extent by monitoring the intensity of 
chromospheric lines (Bopp, 1974a; Ferland and 
Bopp, 1976; Kodaira and Ichimura, 1980, 
1982). Typically, stellar plages produce varia- 
tion of Ca II emission-line flux of about 10 to 
30 percent. Cyclical variability is not generally 
observed at high flux levels, probably because 
the emission arises from large plages evenly dis- 
tributed in longitude so that any rotational 
modulation is smoothed out, as at solar 
maximum. 

The IUE is now offering an outstanding op- 
portunity for studying stellar plages from 
chromospheric to transition region levels by 
monitoring the numerous diagnostic lines in the 
wavelength region 1200 to 3200 A. (See the sec- 
tion Quiescent Optical Spectra and Abun- 
dances.) Earlier, however, marginal evidence of 
rotationally modulated ultraviolet emission-line 
fluxes was obtained by Weiler et al. (1979), 
Rodono et al. (1980), Hallam and Wolff (1981), 
and Baliunas and Dupree (1982). Since 1980, 
internationally coordinated programs of simul- 
taneous IUE and ground-based observations 
have clearly shown that chromospheric and 
transition region plages are correlated with pho- 
tospheric spots (cf. Rodono, 1983; Linsky, 
1983a, and references therein). Figure 9-14 
clearly shows the antiphase correlated variation 
of the UV emission flux in several UV chromo- 
spheric and transition region lines and of V 
magnitudes versus rotational phase for II Peg. 
Generally, the antiphase correlation of photo- 
spheric and upper atmosphere diagnostics is at 
best marginal for dMe stars, such as BY Dra. 
It is likely that microflaring activity or high 
plage filling factors on dMe stars make it more 
difficult to detect rotational modulation of 
plages than on K stars. Pure plage UV spectra 
obtained by subtracting the average quiescent 
spectra from those at active phases, show tran- 
sition region line fluxes enhanced by a factor 
of 5 and chromospheric fluxes by only a factor 
of 2, relative to quiescent flux. The observed 
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II Peg 1911 



Figure 9-14. Top: V-band photometry from 
ground-based observations (closed circles) and 
from IUE fine error sensor (FES) counts (open 
circles) and V-I color index. A two-spot model- 
ing of the V light curve is also shown (dashed 
line). Bottom: Integrated flux in major UV lines 
versus photometric phases. It is evident that the 
photometric wave attributable to photospheric 
spots is anticorrelated with the line-flux 
variability attributable to chromopheric and 
transition region plages (from Rodond et al., 
1985). 


increase of line enhancement with the tempera- 
ture of formation is also typical of solar plages 
and suggests that nonradiative energy dissipa- 
tion plays an increasingly important role as 
temperature increases (i.e., in the outermost 
atmospheric layers). A quantitative comparison 
of solar and stellar behavior (cf. Figure 9-10) 
shows that, even at “quiescent” phases, the 
surface flux from active stars is larger than that 
from very active solar regions (VAR’s) and be- 
comes increasingly larger as the atmospheric 
level increases. Clearly, active star surfaces are 
covered by intense and extensive solar-like 


plages that affect even their “quiescent” 
hemisphere. 

X-ray and radio observations have provided 
definite evidence of quiescent coronae in late- 
type stars and, particularly, in M dwarf flare 
stars and RS CVn systems. (See the section Ul- 
traviolet, X-Ray, and Radio Data.) As in the 
Sun, highly structured coronae are expected. 
Again, rotational modulation of the observed 
X-ray flux is able to disclose such structures, 
as demonstrated by recent observations of YZ 
CMi in quiescent phases (Pettersen et al., 1980) 
and of the RS CVn system, AR Lac (Walter et 
al., 1983). Further progress requires systematic 
dedicated programs to be carried out with 
spaceborne instrumentation. Allocation of ob- 
servation time for long-term programs on avail- 
able X-ray satellites is not usually favored by 
present selection committees. Apparently, re- 
pentance does not always work in science: when 
Olin Wilson first applied to the U.S. National 
Science Foundation for a grant to carry on his 
pioneering and fundamental research work on 
stellar activity cycles, his proposal was rejected 
because one referee considered it not particu- 
larly motivating. 


Stellar Flares 

The most prominent phenomena of stellar 
activity are short-lived flare events which occur 
in the atmosphere of K-M dwarfs and sub- 
giants. Sudden and unpredictable enhancement 
of continuum and line fluxes in the optical and 
UV spectral domains, and of X-ray and radio 
emission fluxes, may occur on time scales as 
short as a few hundredths of seconds. Even 
moderately time-resolved (10 s) photometry of 
stellar flares indicates that, usually, complex 
multipeaked events, probably resulting from 
successive inputs of energy into the atmosphere, 
are observed (cf. Byrne, 1983, and references 
therein). Moreover, the incidence of rapidly fol- 
lowing flares, higher than predicted by Poisson 
statistics (Lacy et al., 1976; Pazzani and 
Rodond, 1981), suggests that sympathetic flares 
can occur almost simultaneously in the same 
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Figure 9-15. Simultaneous optical , radio, and 
X-ray observations of a flare on YZ CMi (from 
Kahler et al., 1982). 

star (Moffett, 1972; Rodond, 1976), like the so- 
lar flares, or in both components of a binary 
system (Rodonb, 1978; Fischer and Gibson, 
1982). In Figure 9-15, a typical flare U-band 
light curve is shown, together with simultaneous 
X-ray and radio observations from Kahler et 
al. (1982). Generally, the flare color tempera- 
ture is above 10000 K, so that the relative flare 
enhancement, normalized to the quiescent star 
level, increases toward shorter wavelengths be- 
cause of the increasing contrast between the 
high-temperature flare radiation and the cool 
photospheric background of M dwarfs. For this 
reason, wideband photometry usually fails to 
detect flares in intrinsically bright stars due to 
their high photospheric background. However, 
in limited spectral regions or lines and at radio 
and X-ray wavelengths, the flare to background 
flux ratio is higher than in the optical region, 
so that flare or flare-like events have also been 
observed occasionally in RS CVn type K sub- 
giants or even in earlier type stars (cf. Kunkel, 
1975; Bakos, 1983), but this topic is beyond the 
scope of this review. 


Detailed comparative studies of flares in the 
Sun and dM stars (Mullan, 1977; Gershberg, 
1977) suggest that, also in the latter, the likely 
physical process underlying flaring phenomena 
is the storage and explosive release of magnetic 
energy, even though the energy involved in stel- 
lar flares is sometimes up to 2 to 3 orders of 
magnitude higher than in the Sun. 

At present, only integrated characteristics 
over the entire flare region can be obtained 
from stellar observations. Typical parameters 
of stellar flares, obtained from wideband 
photometry of red dwarfs, are presented in 
Table 9-8. 

Only in the optical domain have a statisti- 
cally significant number of events been 
observed. Several statistical investigations have 
concluded that, with the exception of the 
above-mentioned possible sympathetic flares, 
the time intervals between flares follow Poisson 
statistics. Small “precursor” flares, both 
positive and negative, as well as overall 
enhancements of the quiescent flux, are observ- 
ed before major flares (Rodono et al., 1979; 
Cristaldi et al., 1980). However, no correlation 
between flare intensity and time elapsed with 
respect to adjacent flares is apparent (Lacy et 
al., 1976). The recent thorough statistical study 
by Shakhovskaya (1979), including 1500 flares 
observed mainly at the Catania, Crimea, and 
McDonald Observatories in 7000-hr photoelec- 
tric patrolling of 21 dMe stars, has quantitative- 
ly assessed several qualitative or preliminary 
results. A tendency is apparent for slow (rise 
time >1 min) and more energetic ( >10 erg 33 ) 
flares to occur on intrinsically brighter stars. 
The time-integrated energy release in U- and B- 
bands ranges from 10 28 to a few 10 35 erg. The 
cumulative flare frequency v (E f > E q ) (i.e., 
the average occurrence of flares with total 
energy release Ej. > E q ) follows the linear 
equation log v (h 1 ) = a - b log E, where a 
depends on the star considered and b ranges 
from 0.4 to 1 .4, being systematically larger for 
intrinsically fainter stars and equal for the B- 
and U-bands. The time-averaged power due to 
flares decreases from a little more than 10 29 
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Table 9-8 

Typical Parameters of Stellar Flares from Wideband Photometry 


Rise time (min) 

Rise/decay time (sometimes > 1 ) 

Log (peak power) erg s' 1 
Log (time-averaged power, L f ) erg s' 1 
Log (total energy, E) erg 
Log (L/L . ) 

57 f quiet star 

Mean colors at maximum: 

U-B 

B-V 

Spectral index of occurrence rate (b) 
[A/ (£ > E) = E~ b (/T 1 )] 

At 

Time distribution 


0.1 - 

10* 





1 . - 

10' 2 





26.5 - 

31.5 

(B) 

27. - 

- 32. 

(U) 

25.5 - 

28.0 

(B>* 

25.8 - 

- 28.3 

(U) 

27.5 - 

33.8 

(B)* 

27.6 - 

- 34.0 

(U) 

(-1.9) - 

(-3.4) 

(B) 





+ 0.3 ± 0.4 

-0.9 ± 0.3 

0.4- 1.1 (B) f 0.3- 1.4 (U)’ 

Poisson-type with strong deviation within 
At < 10 minutes. 


^Systematically larger values for more luminous stars. 
Systematically smaller values for more luminous stars. 


erg s" 1 to less than 10 27 erg s' 1 for stars with 
absolute magnitude M v equal to 7 and 16, 
respectively. This implies that, in intrinsically 
fainter dMe stars, the time-averaged energy 
dissipation through flares relative to the global 
energy budget of the star is about 2 orders of 
magnitude more important than in brighter 
stars and accounts for about 1 percent of the 
energy release of the optical region. 

Optical spectroscopy of flares (cf. Figure 
9-16) indicates that there is strong intensifica- 
tion of the H I, Ca II, He I, and occasionally 
He II (4686 A) emission lines (cf. Gershberg, 
1977; Worden, 1983; Giampapa, 1983b). The 
equivalent width of Ha ( - 2 A) can increase by 
more than one order of magnitude during in- 
tense flares, and inverse Balmer decrements and 
large Balmer jumps (J — 4-6) are sometimes 
observed. Line broadening and red asymmetry, 
indicating random motion of 10 7 to 10 8 cm s' 1 
and mass inflow at speeds of up to 1000 km 
s" 1 , respectively, have also been observed but 
not in all cases (Bopp and Moffett, 1973; Wor- 
den et al., 1983). The line enhancement of the 
different species takes place on different time 
scales and can last 10 to 100 times longer than 
the continuum flare. The relative contribution 
of line emission to the continuum reaches a 


minimum at flare maximum (10 to 15 percent) 
and increases up to more than 40 percent in B- 
light as the flare decays. The optical flare 
plasma is characterized by electron densities 
(N e * 10 12 to 10 14 cm' 3 ) and temperatures (T 
* 1.5 to 2.0 x 10 4 K) ranging from solar 
values to much higher ones, depending on the 
model adopted. Typical emission measures and 
flare volume are 10 52 cm' 3 and 10 26 cm 3 , 
respectively. The relative timing of line and con- 
tinuum enhancements investigated by Bopp and 
Moffett (1973) by simultaneous photometry 
and time-resolved spectroscopy, and more re- 
cently by Pettersen (1983b) using narrow filters 
centered at hydrogen Ha and H (3 emission lines 
and broadband U, B, V, and R filters, indicates 
that the emission lines peak a few minutes after 
the continuum and remain enhanced for several 
minutes or even hours, after the continuum has 
decayed to its preflare level. 

UV spectra of stellar flares on dMe stars 
have recently been obtained with IUE (cf. Wor- 
den, 1983; Giampapa, 1983b, and references 
therein). More extended and systematic obser- 
vations are now being collected. However, 
some interesting properties have already been 
found: (1) a strong UV continuum — normally 
absent — was detected on Gliese 867A (Butler 
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Figure 9-16. Flare and quiescent spectra of the 
dMe stars in the optical (Giampapa et al., un- 
published) and UV spectral domains (unpub- 
lished data from coordinated observations 
made by the Armagh, Catania, and Boulder 
groups). 


et al., 1981), YZ CMi (Figure 9-16), and Gliese 
182 (unpublished data from coordinated obser- 
vations by the Armagh, Boulder, and Catania 
groups); (2) the relative enhancement of transi- 
tion region lines for flares and plages (as seen in 
disk-averaged fluxes) are comparable; (3) the 
relative emission enhancement is larger for tran- 
sition region lines than for lower temperature 
chromospheric lines; (4) the line surface fluxes 
at the time of stellar flares, or from plages, can 
be up to more than one order of magnitude 
larger than those from very active regions on 
the Sun (Figure 9-10). 

After occasional detection of stellar X-ray 
flares, several coordinated X-ray optical, and 
radio observations of flare and RS CVn stars 
have been carried out (cf. Haisch, 1983; Golub, 
1983, and references therein). Comprehensive 
observations of a flaring event in YZ CMi (Fig- 
ure 9-15) have clearly shown that the long- 
suspected similarity between solar and stellar 
flares is considerable (Kahler et al., 1982). A 
gradual and impulsive phase, an X-ray coronal 
temperature of about 10 7 K, and the ap- 
pearance of a 408-MHz burst delayed by 17 
minutes from the flare onset, are similar to the 
corresponding typical values for type IV solar 
bursts. Therefore, high-energy electrons might 
be produced in stellar flares in the same way 
as in the solar flares. Due to the high sensitivi- 
ty and time resolution of these Einstein obser- 
vations, much better than had ever been avail- 
able before, it was possible to measure simul- 
taneously the monotonic decay of the X-ray 
and optical flares and the variable but ever- 
increasing ratio between the soft X-ray and op- 
tical fluxes (L JL ) for most of th< flare decay 
phase. The average ratio over the entire event 
was 1.5. Coupled with the observed decay time 
of the X-ray flux, this suggested that radiation 
was the predominant mechanism for cooling 
the coronal plasma. However, previous 
estimates of the LJL c ratio cover a wide 
range: from a few hundredths up to 50. 
Therefore, radiative cooling is not always 
predominant (i.e., different physical situations 
can develop in different flare events). Typical 
emission measures and densities — 2 x 10 51 
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and 3 X 10 u cm" J , respectively— suggest that 
the flare volume at coronal level is two orders 
of magnitude larger than that in the chromo- 
sphere. 

Radio observations of flares on dMe stars 
have shown highly polarized radiation in the 
meter and cm wavelengths at brightness temper- 
atures up to 10 15 K in coincidence with several 
optical flares (Lovell, 1971; Spangler and Mof- 
fett, 1976; Melrose and Dulk, 1982; Gibson, 
1983, and references therein). Basically, two 
types of flares have been observed: (1) impul- 
sive events lasting from a few seconds to a few 
minutes, and (2) long-duration enhancement of 
the radio power lasting more than 10 minutes. 
Lang et al. (1983) have recently reported a rapid 
sequence of 100-percent left-hand circularly po- 
larized spikes with rise times < 0.2 s during the 
gradual rise of a long-duration event on AD 
Leo. They derived lower limits for the linear 
size of the emitting region (L > 6x 10 9 cm) 
and of the brightness temperature (7^ > 10 13 
K). These observations were explained by Lang 
et al. in terms of maser emission at the gyro- 
frequency 2.8 x 10 6 x H| Hz, implying a longi- 
tudinal magnetic field H i ~ 250 gauss. 
Typically, observed amplitudes for flares on 
nearby dwarfs range from detection limit to 
several tens of mJy. Although spectral indices 
are mainly strongly nonthermal (-2 to -10), 
positive spectral indices have also been reported 
(Gibson, 1983). The flare radio emission does 
not appear to be broadband, as in the quies- 
cent phase, suggesting that the flare emission 
is due to coherent rather than incoherent syn- 
chrotron radiation. This is especially true for 
flares with brightness temperatures > 10 12 K 
that are not compatible with incoherent emis- 
sion mechanisms. The typical ratios of the op- 
tical and X-ray fluxes to the radio flux are 10 4 
to 10 5 and < 10 3 , respectively. Bearing in mind 
the moderate time-coincidence of flare peaks 
and evolution at the various wavelengths, any 
conclusion would be hazardous. Actually, no 
systematic correlation of flare amplitudes, mor- 
phology, and time of occurrence is apparent 
from simultaneous multiband observations. 
The most extended optical-radio coverage 


(Spangler and Moffett, 1976) indicates only a 
moderate tendency for radio and optical flares 
to be associated within ± 10 minutes. Most like- 
ly, as suggested by Spangler and Moffett 
(1976), highly beamed coherent synchrotron ra- 
dio emissions imply severe geometrical con- 
straints on the detection of radio flares. More- 
over, the high occurrence rate of optical flares 
might hinder time-coincidence studies. 

Activity Cycles 

The observations of solar-type activity phe- 
nomena in late K-M dwarfs have naturally sug- 
gested that activity cycles might occur in the 
stars as in the Sun. Actually, as already antici- 
pated in the section Surface Inhomogeneities in 
the Photosphere, Wilson’s (1978) Ca II H and 
K emission-line observations have demon- 
strated the existence of activity cycles at the 
chromospheric level with time scales of 7 to 14 
years. Hartmann and collaborators (cf. Hart- 
mann, 1981, and references therein), by using 
the Harvard archival plate collection, have 
found evidence of possible cyclic photometric 
variations in a few well-known active dwarfs. 
These light variations are suggestive of starspot 
cycles with time scales of about 50 years. One 
of the red dwarfs which they studied (BD + 
26° 730) is seen almost pole-on, so that its cyclic 
light variation can be entirely attributed to the 
variation of the total area covered by spots, as 
no rotational modulation of spot visibility can 
occur. For II Peg (Figure 9-17), they also found 
the analog of a Maunder minimum, the period 
of almost null solar activity, that occurred from 
1645 to 1715. 

Long-term cyclic suppression of convection 
by magnetic fields might give rise to the ob- 
served variability on time scales of the order of 
10 years. Hartmann and Rosner (1979) argue 
that, other than spatial and spectral redistribu- 
tion of the flux missing in the observed huge 
spotted areas, the present observations suggest 
that temporal redistribution of flux is more like- 
ly; the flux is temporarily stored beneath the 
photosphere and released when spots decay. 
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The flare activity level on the Sun closely fol- 
lows the activity cycle. Although all flare stars 
show significant variations of their seasonal ac- 
tivity level, no evidence of activity cycles has 
been obtained (Rodono, 1980; Mavridis et al., 
1982). Actually, the presently available data are 
not sufficiently extensive and systematically col- 
lected to reveal flare activity cycles. Incomplete- 
ness of data will remain serious as the short du- 
ration and random occurrence of flares make 
detection more dependent on observation meth- 
ods and scheduling than is the case with rela- 
tively “permanent” spots. Moreover, theoret- 
ical models of activity cycles in late-type stars, 
particularly in M dwarfs, show that successive 
cycles overlap each other (Belvedere et al., 
1980; Belvedere, 1984) so that any cycle-depen- 
dent variability is smoothed out. This is con- 
sistent with the decreasing number of stars 


Figure 9-17. Long-term variability of II Peg 
(HD 224085) and BY Dra from Harvard archi- 
val plates (Hartmann et al., 1979b; Phillips and 
Hartmann , 1978) and from recent photoelectric 
photometry (Rodond et al., 1983, and refer- 
ences therein). Dots denote Harvard plates and 
heavy bars denote range of season variability 
from photoelectric photometry . BY Dra shows 
a clear flux modulation with a possible cycle 
of about 50 years. II Peg was fairly constant 
from 1900 to 1945, when a definite light de- 
crease occurred. The systematic light decrease 
from 1970 to 1982 suggests an ever-increasing 
degree of spottedness. This photometric be- 
havior suggests that II Peg has become active 
after a relatively quiescent interval (1900-1945), 
which is reminiscent of the solar Maunder 
minimum. 


showing evidence of activity cycles with advan- 
cing spectral type, although the level of activi- 
ty increases, as suggested by their X-ray lum- 
inosity. 

NONTHERMAL ENERGY SOURCES 

OF ACTIVITY AND CONCLUSIONS 

As already mentioned in the preceding sec- 
tions, activity signatures and transient variabil- 
ity phenomena on late-type dwarfs, particularly 
on dMe stars, indicate that their atmospheres 
are controlled by energy fluxes which are non- 
thermal or have a nonthermal origin. In fact, 
the solar analogy has suggested that the whole 
panoply of stellar activity phenomena is direct- 
ly, or at least indirectly, linked to the intensity 
and structure of surface magnetic fields. Conse- 
quently, the manner in which stellar magnetic 
fields are usually generated and strengthened 
has called attention to such nonthermal energy 
sources as convection, velocity fields, turbu- 
lence , and rotation. 

Stellar structure models (e.g., Grossman et 
al., 1974; Cox et al., 1981) have already shown 
that red dwarfs later than spectral types M4-M5 
are fully convective, with perhaps a tiny 
radiative core. 
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Due to the faintness of M dwarfs and the 
fact that their spectra are overcrowded by mo- 
lecular bands, spectroscopic studies of turbu- 
lence and velocity fields are scanty. The princi- 
pal aim of line-profile fittings has been that of 
determining the stellar-projected rotational ve- 
locity, v sin i (Anderson et al., 1977; Vogt and 
Fekel, 1979; Vogt et al., 1983), rather than tur- 
bulence. Cross-correlation techniques based on 
the comparison of observed profiles with a ref- 
erence mask also appear to be very promising 
(Lucke and Mayor, 1980). Most of the presently 
available rotational velocity data have been ob- 
tained from the study of periodic modulation 
of continuum and line fluxes which are attrib- 
uted to photospheric spots and chromospheric/ 
transition region plages, respectively, whose vis- 
ibility is modulated by the star rotation (cf . re- 
views by Rodond, 1983; Catalano, 1983; Petter- 
sen, 1983a; Vaughan, 1983). The rotational ve- 
locity data of BY Dra stars indicate that active 
stars tend to be fast rotators (v sin i > 5 km 
s" 1 ). Whether fast rotation is a sufficient con- 
dition for spot formation is still an open ques- 
tion. The present evidence suggests that, when 
both rapid rotation and deep convection occur, 
the consequent differential rotation is a suffi- 
cient condition for stellar activity to occur. Ac- 
tually, as predicted by the so-called a-w 
dynamo (cf. Belvedere, 1983, and references 
therein), differential rotation generates a 
toroidal field (a> effect), and the twisting of field 
structures by the Coriolis force in a rotating star 
regenerates the poloidal field (a effect). 

An indirect method of estimating stellar dif- 
ferential rotation is offered by photometric 
studies of active stars. Assuming starspots as 
tracers of stellar rotation, the variation of the 
“photometric wave” period as spots or the lati- 
tude of spot formation migrate on the stellar 
surface, together with topological data on the 
spot location from light-curve modeling, offers 
a potentially powerful method of estimating the 
stellar differential rotation (cf. Rodon6 et al., 
1983; Busso et al., 1984). Preliminary data have 
already been obtained and are included in Table 
9-7. This approach will greatly benefit from 
space observations, as uninterrupted data ex- 


tending over many rotations would permit, at 
least in principle, accurate estimations of dif- 
ferential rotation. 

Several attempts have been made to find 
correlations between activity indicators such as 
data on Ca II, C IV, and X-ray fluxes, and ro- 
tation. (See the section Ultraviolet , X-Ray , and 
Radio Data.) Different authors have found dif- 
ferent empirical correlations, which appear to 
be somewhat in conflict (Ayres and Linsky, 
1980; Pallavicini et al., 1981; Ayres et al., 
1981a; Catalano and Marilli, 1983; Noyes, 
1983). Recently, Marilli and Catalano (1984) 
have rediscussed this matter by analyzing most 
of the available data on main-sequence stars. 
They were able to show that, irrespective of 
spectral types, the emission luminosities (L) in 
the K Ca II and C IV lines and in the soft X- 
ray domain are exponentially related to the 
stellar rotational period (P): L = a \0~ p/b , 
where a and b are numerical constants. This im- 
plies the important conclusion that the heating 
rates at chromospheric, transition region, and 
coronal levels are related. Moreover, the emis- 
sion luminosities show a functional dependence 
on only the stellar angular velocity, as required 
by the a-u dynamo theory. Mangeney and 
Praderie (1983) have carried out independently 
a similar investigation by studying the depend- 
ence of the X-ray to convective flux ratio 
(F /F c ) on an effective Rossby number defin- 
ed as R -V /(axo£ ), where V is the max- 
imum convective velocity, oo is the angular 
velocity, and i c is the depth of the convection 
zone. Again, an exponential correlation be- 
tween these two parameters appears to be valid 
over a wide range of spectral types. However, 
for late F- to M-type dwarfs, the result by 
Mangeney and Praderie (1983) indicates a de- 
pendence also on the depth of convection zone 
(i.e., on the spectral type), in contrast to Marilli 
and Catalano’s (1984) result. Only more ex- 
tended and statistically complete data sets, to- 
gether with progress on nonlinear a-oo dynamo 
theory calculations, can throw light on this 
matter. 

Until recently, the missing piece of the in- 
creasingly coherent scenario of stellar activity 
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was the detection of surface magnetic fields . 
Robinson (1980) has employed the technique 
of comparing the profiles of magnetic sensitive 
and insensitive lines to measure the excess 
broadening due to the components of the Zee- 
man triplet originating in a magnetic field. The 
Robinson technique also allows us to estimate 
the ratio of magnetic-to-nonmagnetic areas 
(filling factor) from the relative enhancement 
of the central component with respect to the 
outer components (Figure 9-18). About 20 G-K 
dwarfs have detected magnetic fields in the 
range 500 to 3000 gauss with area filling fac- 
tors ranging from 20 to 80 percent (Marcy, 
1983; Giampapa and Worden, 1983). These 
data imply magnetic fluxes 2 to 3 orders of 
magnitude greater than the solar flux, which is 
consistent with the huge activity phenomena 
observed in these stars. Although the data are 
meager, they suggest some interesting qualita- 
tive conclusions: (1) the ratio of soft X-ray flux 
to bolometric flux increases as the photospheric 
magnetic area coverage increases (i.e., the pho- 
tospheric magnetic fields control the stellar at- 
mospheres up to coronal level); (2) the magnetic 
field flux increases toward later spectral types 
and with increasing rotational velocity, in quali- 
tative agreement with the two basic require- 
ments of the a-a> dynamo theory (Belvedere et 
al., 1981). 

An additional indirect evidence that active 
star atmospheres are controlled by magnetic 
structures has recently been presented by 
Musielak and Bielicz (1982, 1983). From theo- 
retical models of intense magnetic flux tubes 
(Bielicz and Musielak, 1982), they have shown 
that in active stars the atmospheric level of 
temperature minimum rises and the average 
magnetic field is higher than in nonactive stars. 
These models were used to compute the Ca II 
K line width (W o ) for both types of stars for 
the purpose of interpreting the corrected 
Wilson-Bappu effect, which takes into account 
the dependence of W Q on the intensity of the 
K line itself (Glebocki and Stawikowski, 1980). 
As already suggested by Zwaan (1977), the line 
width W is a powerful quantitative diagnostic 
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Figure 9-18. Comparison between the observed 
line profiles of the Zeeman sensitive line 
(6173.34 A) and the insensitive line (6240.65 A) 
of Fe I, represented by the dots and the contin- 
uous line , respectively. The bottom curve on 
each panel shows the difference between the 
two profiles , multiplied by 2. Observed changes 
in the difference profile suggest that the 
magnetic field on e Eridanii changes on a time 
scale of 1 day (from Marcy , 1983). 

of the average properties of the discrete mag- 
netic flux tubes which permeate the atmo- 
spheres of active stars. 
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The observations reviewed in this chapter 
clearly indicate that a basic solar-type scenario 
underlies the nonthermal activity phenomena 
which occur in the atmospheres of late-type 
main-sequence stars, particularly late K-M 
emission-line dwarfs. This returns us to the fun- 
damental concept presented in the introductory 
section on the scientific value of the two-way 
street connecting solar and stellar research in 
the study of nonthermal activity phenomena oc- 
curring in their atmospheres. 

ACKNOWLEDGMENTS 

I am grateful to several colleagues for 
stimulating and inspiring discussion and for 
permission to quote unpublished results, in par- 
ticular to D. M. Gibson, J. L. Linsky, S. Cata- 
lano, G. Belvedere, L. Paterno, G. Cutispoto, 
and V. Pazzani. The last two colleagues also 
greatly assisted in the collection of data. I 
should like to thank A. Cali for drawing some 
of the illustrations and Mrs. M. G. Nastasi for 
accurately typing several drafts of this chapter. 

The IUE and Einstein Observatory staffs de- 
serve special mention for the sterling work done 
in assisting guest investigators, including my- 
self, in the collection and reduction of UV and 
X-ray data. 

Finally, I should like to acknowledge finan- 
cial support from the Ministero della Pubblica 
Istruzione to the Institute of Astronomy , 
Catania University , and from the Consiglio 
Nazionale delle Ricerche (Gruppo Nazionale di 
Astronomia) to the Osservatorio Astrofisico di 
Catania . 

REFERENCES 

Abt, H.A., Meinel, A.B., Morgan, W.W., and 
Tapscott, J.M. 1968, An Atlas of Low- 
Dispersion Grating Spectra (Tucson: Kitt Peak 
National Obs.). 

Allen, C.W. 1973, Astrophysical Quantities 
(London: Univ. of London, The Athlone 
Press). 


Altenhoff, W.J., Braes, L.L.E., Olnon, F.F., 
and Wendker, H. J. 1976, Astron. Astrophys ., 
46, 11. 

Anderson, C.M., Schiffer, F.M., and Bopp, 
B.W. 1977, Astrophys. J., 216, 42. 

Arakelian, M.A. 1969, in Proc. IVth IAU Col- 
loq. on Variable Stars, Non-Periodic Phe- 
nomena in Variable Stars , ed. L. Detre 
(Budapest: Academic Press), p. 161. 

Ayres, T.R., Eriksson, K., Linsky, J.L., and 
Stencel, R.E. 1983, Astrophys. J . (Letters), 
270, L17. 

Ayres, T.R., and Linsky, J.L. 1980, Astrophys. 
J ., 241, 279. 

Ayres, T.R., Linsky, J.L., Vaiana, G.S., and 
Rosner, R. 1981a, Astrophys. J ., 250, 293. 

Ayres, T.R., Marstad, N.C., and Linsky, J.L. 
1981b, Astrophys. J ., 247, 545. 

Bakos, G.A. 1983, Astron. /., 88, 674. 

Baliunas, S.L., and Dupree, A.K. 1979, Astro- 
phys. J ., 227, 870. 

Baliunas, S.L., and Dupree, A.K. 1982, Astro- 
phys. J ., 252, 668. 

Baliunas, S.L., Hartmann, L., Vaughan, A.H., 
Liller, W., and Dupree, A.K. 1981, Astrophys. 
J ., 246, 473. 

Baliunas, S.L., Vaughan, A.H., Hartmann, L., 
Middelkoop, F., Mihalas, D., Noyes, R.W., 
Preston, W., Frazer, J., and Lanning, H. 1983, 
Astrophys. J ., 275, 752. 

Bappu, M.K.V., and Sivaraman, K.R. 1971, 
Solar Phys., 17, 316. 

Barnes, T.J., and Evans, D.S. 1976, Mon. Not. 
Roy. Astr. Soc ., 174, 316. 


445 


Barnes, T.J., Evans, D.S., and Parson, S.B. 
1976, Mon. Not. Roy. Astr. Soc., 174, 503. 

Bartolini, C., et al. 1983, Astron. Astrophys., 
117, 149. 

Basri, G.S., and Linsky, J.L. 1979, Astrophys. 
J., 243, 1023. 

Basri, G.S., Linsky, J.L., Bartoe, J.-D.F., 
Brueckner, G., and Van Hooster, M.E. 1979, 
Astrophys. J., 230, 924. 

Belvedere, G. 1983, in Proc. IAU Colloq. 71, 
Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodond (Dordrecht: Reidel), p. 579. 

Belvedere, G. 1984, Astron. Nach., 305, 237. 

Belvedere, G., Chiuderi, C., and Paterno, L. 
1981, Astron. Astrophys., 96, 369. 

Belvedere, G., Paterno, L., and Stix, M. 1980, 
Astron. Astrophys., 91, 328. 

Bielicz, E., and Musielak, Z. 1982, Acta 
Astron., 32, 251. 

Blanco, C., Catalano, S., Marilli, E., and 
Rodond, M. 1974, Astron. Astrophys., 33, 257. 

Blanco, C., Catalano, S., Marilli, E., and Ro- 
dono, M. 1982, Astron. Astrophys., 106, 301. 

Bodenheimer, P. 1965, Astrophys. J., 142, 451. 

Bohn, H.U. 1983, in Proc. IAU Colloq. 71, Ac- 
tivity in Red-Dwarf Stars, ed. P.B. Byrne and 
M. Rodono (Dordrecht: Reidel), p. 605. 

Bopp, B.W. 1974a, Astrophys. J., 193, 389. 

Bopp, B.W. 1974b, Mon. Not. Roy. Astr. Soc., 
166, 79. 

Bopp, B.W. 1974c, Pub. Astron. Soc. Pacific, 
86, 281. 


Bopp, B.W., and Espenak, F. 1977, Astron. J., 
82, 916. 

Bopp, B.W., and Evans, D.S. 1973, Mon. Not. 
Roy. Astr. Soc., 164, 343. 

Bopp, B.W., and Fekel, F. 1974, Pub. Astron. 
Soc. Pacific, 86, 978. 

Bopp, B.W., and Fekel, F. 1977a, Astron. J., 
82, 490. 

Bopp, B.W., and Fekel, F. 1977b, Pub. 
Astron. Soc. Pacific, 89, 65. 

Bopp, B.W., and Moffett, T.J. 1973, Astro- 
phys. J., 185, 239. 

Bopp, B.W., Torres, C.A.O., Busko, I.C., and 
Quast, G.R. 1978, Comm. 27 IAU, Inf. Bull. 
Var. Stars, No. 1443. 

Bumba, V., and Ruzickova-Topolova, B. 1967, 
Solar Phys., 1, 216. 

Busko, I.C., and Torres, C.A.O. 1978, Astron. 
Astrophys., 64, 153. 

Busso, M., Scaltriti, F., Blanco, C., Catalano, 
S., Marilli, E., Pazzani, V., and Rodond, M. 
1984, Astron. Astrophys., 135, 255. 

Butler, C.J., Byrne, P.B., Andrews, A.D., and 
Doyle, J.G. 1981, Mon. Not. Roy. Astr. Soc., 
197, 815. 

Byrne, P.B. 1979, Mon. Not. Roy. Astr. Soc., 
187, 153. 

Byrne, P.B. 1983, in Proc. IAU Colloq. 71, Ac- 
tivity in Red-Dwarf Stars, ed. P.B. Byrne and 
M. Rodond (Dordrecht: Reidel), p. 139. 

Byrne, P.B., and Rodond, M., ed. 1983, Proc. 
IAU Colloq. 71, Activity in Red-Dwarf Stars 
(Dordrecht: Reidel). 


446 


Catalano, S. 1983, in Proc. IAU Colloq. 71, 
Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 343. 

Catalano, S., and Marilli, E. 1983, Astron. As- 
trophys., 121, 190. 

Cester, B. 1965, Mem. Soc. Astron. Ital., 36, 
215. 

Chugainov, P.F. 1966, Comm. 27 IAU, Inf. 
Bull. Var. Stars, No. 122. 

Chugainov, P.F. 1971, Comm. 27 IAU, Inf. 
Bull. Var. Stars, No. 520. 

Chugainov, P.F. 1972, Izv. Krim. Astrofiz. 
Obs., 46, 14. 

Chugainov, P.F. 1973, Izv. Krim. Astrofiz. 
Obs., 48, 3. 

Chugainov, P.F. 1974, Izv. Krim. Astrofiz. 
Obs., 52, 3. 

Chugainov, P.F. 1976a, Izv. Krim. Astrofiz. 
Obs., 54, 89. 

Chugainov, P.F. 1976b, Izv. Krim. Astrofiz. 
Obs., 55, 85. 

Coleman, G.D., and Worden, S.P. 1976, As- 
trophys. J., 205, 475. 

Copeland, H., Jensen, J.O., and Jorgensen, 

H.E. 1970, Astron. Astrophys., 5, 12. 

Cox, A.N., Shaviv, G., and Hodson, S.W. 
1981, Astrophys. J., (Letters), 245, L37. 

Cram, L.E., and Mullan, D.J. 1979, Astro- 
phys. J., 234, 579. 

Cristaldi, S., Gershberg, R.E., and Rodono, 
M. 1980, Astron. Astrophys., 89, 123. 

De Freitas Mourao, R.R. 1976, Astrophys. Let- 
ters, 18, 37. 


de la Reza, R., Torres, C.A.O., and Busko, 

I.C. 1981, Mon. Not. Roy. Astr. Soc., 194, 
829. 


Durney, B.R., Mihalas, D., and Robinson, 
R.D. 1981, Pub. Astron. Soc. Pacific, 93, 537. 

Einasto, J. 1954, Pub. Tartu Astron. Obs., 32, 
37. 

Einasto, J. 1955, Pub. Tartu Astron. Obs., 33, 
57. 

Evans, D.S. 1971, Mon. Not. Roy. Astr. Soc., 
154, 329. 

Fekel, F., Bopp, B.W., and Lacy, C.H. 1978, 
Astron. J., 83, 1445. 

Ferland, G., and Bopp, B.W. 1976, Pub. 
Astron. Soc. Pacific, 88, 451. 

Ferraz Mello, S., and Torres, C.A.O. 1971, 
Comm. 27 IAU, Inf. Bull. Var. Stars, No. 577. 

Fischer, P.L., and Gibson, D.M. 1982, in Cool 
Stars, Stellar Systems and the Sun, ed. M.S. 
Giampapa and L. Golub, SAO-SR 392, p. 109. 

Friedmann, C., and Gurtler, J. 1975, Astron. 
Nachr., 296, 125. 

Gary, D.E., and Linsky, J.L. 1981, Astrophys. 

J., 250, 284. 

Gary, D.E., Linsky, J.L., and Dulk, G.A. 
1982, Astrophys. J. (Letters), 263, L79. 

Gatewood, G. 1976, Icarus, 27, 1. 

Gershberg, R.E. 1970, Astrophysics, 6, 92. 

Gershberg, R.E. 1974, Sov. Astron., 18, 326. 

Gershberg, R.E. 1977, Astrophysics, 13, 310. 


447 


Gershberg, R.E. 1983, in Proc. IAU Colloq. 
71, Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 487. 

Gershberg, R.E., and Shakhovskaya, N.I. 
1974, Izv. Krim. Astrofiz. Obs., 49, 73. 

Gershberg, R.E., and Shakhovskaya, N.I. 
1976, Astrophys. Space Sci., 44, 463. 

Giampapa, M.S. 1983a. in Proc. IALJ Symp. 
102, Solar and Stellar Magnetic Fields: Origin 
and Coronal Effects, ed. J.O. Stenflo (Dor- 
drecht: Reidel), p. 187. 

Giampapa, M.S. 1983b, in Proc. IAU Colloq. 
71, Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 223. 

Giampapa, M.S., Linsky, J.L., Schneeberger, 
T.J., and Worden, S.P. 1978, Astrophys. J., 
226, 144. 

Giampapa, M.S., and Worden, S.P. 1983, in 
Proc. IAU Symp. 102, Solar and Stellar 
Magnetic Fields: Origins and Coronal Effects, 
ed. J.O. Stenflo (Dordrecht: Reidel), p. 29. 

Giampapa, M.S., Worden, S.P., and Gilliam, 
L.B. 1979, Astrophys. J., 229, 1143. 

Giampapa, M.S., Worden, S.P., Schneeberger, 
T.J., and Cram, L.E. 1981, Astrophys. J., 246, 
502. 

Gibson, D.M. 1983, in Proc. IAU Colloq. 71, 
Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 273. 

Glebocki, R., and Stawikowski, A. 1980, Acta 
Astron., 30, 285. 

Gliese, W. 1958, Z. Astrophys., 45, 293. 

Gliese, W. 1969, Catalogue of Nearby Stars 
(Heidelberg: Veroff. Astron. Rechen-Inst.), 
No. 22. 


Golub, L. 1983, in Proc. IAU Colloq. 71, Ac- 
tivity in Red-Dwarf Stars, ed. P.B. Byrne and 
M. Rodon6 (Dordrecht: Reidel), p. 83. 

Gray, D.F. 1967, Astrophys. J., 149, 317. 

Gray, D.F. 1968, Astron. J., 73, 769. 

Greenstein, J.L., and Arp, H. 1969, Astrophys. 
Letters, 3, 149. 

Grossman, A.S., Hays, D., and Graboske, 
H.C., Jr. 1974, Astron. Astrophys., 30, 95. 

Hackwell, J.A., Bopp, B.W., and Gehrz, R.D. 
1974, Astrophys. J. (Letters), 192, L79. 

Haisch, B.M. 1983, in Proc. IAU Colloq. 71, 
Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 255. 

Haisch, B.M., and Simon, T. 1982, Astrophys. 
J., 263, 252. 

Hall, D.S. 1981, in Solar Phenomena in Stars 
and Stellar Systems, ed. R.M. Bonnet and A.K. 
Dupree (Dordrecht: Reidel), p. 431. 

Hallam, K.L., and Wolff, C.L. 1981, Astro- 
phys. J. (Letters), 248, L73. 

Harrington, R.S., and Behall, A.L. 1973, 
Astron. J., 78, 1096. 

Hartmann, L. 1981, in Solar Phenomena in 
Stars and Stellar Systems, ed. R.M. Bonnet and 
A.K. Dupree (Dordrecht: Reidel), p. 487. 

Hartmann, L. 1983, in Achievements in Space 
Astrophysics, ed. H.S. Hudson, A.K. Dupree, 
and J.L. Linsky, Adv. Space Res., 2, No. 9, 29. 

Hartmann, L., and Anderson, C.M. 1977, As- 
trophys. J., 215, 188. 

Hartmann, L., Davis, R., Dupree, A.K., Ray- 
mond, J., Schmidtke, P.C., and Wing, R.F. 
1979a, Astrophys. J. (Letters), 233, L69. 


448 



Hartmann, L., Dupree, A.K., and Raymond, 
J.C. 1980, Astrophys. J. (Letters), 236, LI 43. 

Hartmann, L., Dupree, A.K., and Raymond, 
J.C. 1982, Astrophys. J., 252, 214. 

Hartmann, L., Londono, C., and Phillips, 
M.J. 1979b, Astrophys. J., 229, 183. 

Hartmann, L., and Rosner, R. 1979, Astro- 
phys. J., 230, 802. 

Heintz, W.D. 1972, Astron. J., 77, 160. 

Heintz, W.D. 1974, Astron J., 79, 819. 

Herbig, G. 1965, Astrophys. J., 141 , 588. 

Herbig, G. 1973, Astrophys J., 182, 129. 

Hoxie, D.T. 1973, Astron. Astrophys., 26, 437. 

Iwanowska, W. 1972, Studia Soc. Sci. Toru- 
nensis, 5, 1. 

Johnson, H.M. 1983, in Proc. IAUColloq. 71, 
Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 109. 

Johnson, H.M., and Cash, W.C., Jr. 1980, in 
Cool Stars, Stellar Systems and the Sun, ed. 
A.K. Dupree, SAO-SR 389, p. 137. 

Joy, A.H., and Abt, H.A. 1974, Astrophys. J. 
Supplement, 28, 1. 

Kahler, S., et al. 1982, Astrophys. J., 252, 239. 

Keenan, P.C., and McNeil, R.C. 1976, An At- 
las of Spectra of the Cooler Stars (Chicago: 
Ohio Univ. Press). 

Kelch, W.L., Linsky, J.L., and Worden, S.P. 
1979, Astrophys. J., 229, 700. 

Kodaira, K., and Ichimura, K. 1980, Pub. 
Astron. Soc. Japan, 32, 451. 


Kodaira, K., and Ichimura, K. 1982, Pub. 
Astron. Soc. Japan, 34, 21. 

Kron, G.E. 1950, Astron. J., 55 , 69. 

Kron, G.E. 1952, Astrophys. J., 115 , 301. 

Krzeminski, W. 1969, in Low-Luminosity 

Stars, ed. S.S. Kumar (New York: Gordon and 
Breach), p. 57. 

Kulapova, A.N., and Shakhovskaya, N.I. 
1973, Izv. Krim. Astrofiz. Obs., 48, 31. 

Kunkel, W.E. 1970, Astrophys. J., 161 , 503. 

Kunkel, W.E. 1972, Comm. 27 IAU, Inf. Bull. 
Var. Stars, No. 748. 

Kunkel, W.E. 1975, in Proc. IAU Symp. 67, 
Variable Stars and Stellar Evolution, ed. V.E. 
Sherwood and L. Plaut (Dordrecht; Reidel), p. 
15. 

Lacy, C.M. 1977a, Astrophys. J., 218 , 444. 

Lacy, C.M. 1977b, Astrophys. J. Supplement, 
34, 479. 

Lacy, C.M., Moffett, T.J., and Evans, D.S. 
1976, Astrophys. J. Supplement, 30, 85. 

Lang, K.R., Bookbinder, J., Golub, L., and 
Davis, M.M. 1983, Astrophys. J. (Letters), 272, 
L15. 

Leung, K.C., and Schneider, D.P. 1978, As- 
tron. J., 83, 618. 

Liebert, J., Dahn, C.C., Gresham, M., and 
Strittmatter, P.A., 1979, Astrophys. J., 233, 
226. 

Linsky, J.L. 1980a, Ann. Rev. Astron. Astro- 
phys., 18 , 439. 


449 



Linsky, J.L. 1980b, in Cool Stars, Stellar Sys- 
tems and the Sun, ed. A.K. Dupree, SAO-SR 
389, p. 217. 

Linsky, J.L. 1983a, in Proc. IAU Colloq. 71, 
Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodon6 (Dordrecht: Reidel), p. 39. 

Linsky, J.L. 1983b in Proc. IAU Symp. 102, 
Solar and Stellar Magnetic Fields: Origin and 
Coronal Effects, ed. J.O. Stenflo (Dordrecht: 
Reidel), p. 313. 

Linsky, J.L., and Ayres, T.R. 1978, Astrophys. 
J„ 220, 619. 

Linsky, J.L., Bornmann, P.L., Carpenter, 
K.G., Wing, R.F., Giampapa, M.S., and 
Worden, S.P. 1982, Astrophys. J., 260, 670. 

Linsky, J.L., and Gary, D.E. 1983, Astrophys. 
J., 274, 776. 

Linsky, J.L., and Haisch, B.M. 1979, Astro- 
phys. J. Supplement, 229, 27. 

Linsky, J.L., Worden, S.P., McClintock, W., 
and Robertson, R.M. 1979, Astrophys. J. Sup- 
plement, 41, 47. 

Lippincott, S.L. 1953, Astron. J., 58, 135. 

Lippincott, S.L. 1971, in Proc. IAU Colloq. 15, 
New Directions and New Frontiers in Variable 
Stars Research (Bamberg: Veroff Remeis- 
Sternwarte), Band IX, Nr. 100, p. 109. 

Lippincott, S.L. 1975, Astron. J., 80, 831. 

Lippincott, S.L. 1978, Space Sci. Rev., 22, 153. 

Lippincott, S.L., and Hershey, J.L. 1972, As- 
tron. J., 77, 679. 

Lovell, B. 1971, Quart. J. Roy. Astr. Soc., 12, 
98. 

450 


Lucke, P.B., and Mayor, M. 1980, Astron. As- 
trophys., 92, 182. 

Luyten, W.J. 1968, Mon. Not. Roy. Astr. Soc., 
139, 221. 

Mangeney, A., and Praderie, F. 1983, in Proc. 
Japan-France Seminar, Active Phenomena in 
the Outer Atmospheres of the Sun and Stars, 
ed. J.C. Pecker and Y. Uchida (Paris: CNRS- 
Obs. Paris), p. 96. 

Marcy, G.W. 1983, in Proc. IAU Symp. 102 
Solar and Stellar Magnetic Fields: Origin and 
Coronal Effects , ed. J.O. Stenflo (Dordrecht: 
Reidel), p. 3. 

Marilli, E., and Catalano, S. 1984, Astron. As- 
trophys., 133, 57. 

Mavridis, L.N., Asteriadis, G., and Mahmoud, 
F.M. 1982, in Compendium in Astronomy, ed. 
E.G. Mariopoloulos, T.S. Theocaris, and L. 
Mavridis (Dordrecht: Reidel), p. 253. 

Melrose, D.B., and Dulk, G.A. 1982, Astro- 
phys. J., 259, 844. 

Moffett, T.J. 1972, Nature Phys. Sci., 240, 41. 

Mould, J.R. 1978, Astrophys. J., 276, 923. 

Mullan, D.J. 1975a, Pub. Astron. Soc. Pacific, 
87, 455. 

Mullan, D.J. 1975b, Astrophys. J., 200, 641. 

Mullan, D.J. 1976, Irish Astron. J., 12, 641. 

Mullan, D.J. 1977, Solar Phys., 54, 183. 

Mullan, D.J. 1979, Astrophys. J., 234, 558. 

Mullan, D.J. 1983, in Proc. IAU Colloq. 71, 
Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 527. 



Musielak, Z. and Bielicz, E. 1982, Acta 
Astron., 32, 263. 

Musielak, Z., and Bielicz, E. 1983, in Proc. 
I A U Symp. 102, Solar and Stellar Magnetic 
Fields: Origin and Coronal Effects, ed. J.O. 
Stenflo (Dordrecht: Reidel), p. 413. 

Noyes, R.W. 1983, in Proc. IAU Symp. 102, 
Solar and Stellar Magnetic Fields: Origin and 
Coronal Effects, ed. J.O. Stenflo (Dordrecht: 
Reidel), p. 133. 

Oranje, B.J. 1983a, Astron. Astrophys., 122, 
88 . 

Oranje, B.J. 1983b, Astron. Astrophys., 124, 
43. 

Oranje, B.J., Zwaan, C., and Middelkoop, F. 
1982, Astron. Astrophys., 110, 30. 

Oskanyan, V.S., Evans, D.S., Lacy, C.M., and 
McMillan, R.S. 1977, Astrophys. J., 214, 430. 

Pallavicini, R., Golub, L., Rosner, R., Vaiana, 
G.S., Ayres, T., and Linsky, J.L. 1981, Astro- 
phys. J., 248, 279. 

Pazzani, V., and Rodono, M. 1981, Astrophys. 
Space Sci., 27, 347. 

Pettersen, B.R. 1983a, in Proc. IAU Colloq. 
71, Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 17. 

Pettersen, B.R. 1983b, in Proc. IAU Colloq. 
71, Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 239. 

Pettersen, B.R., and Coleman, L.A. 1981, As- 
trophys. J., 251, 571. 

Pettersen, B.R., Kahler, S., Golub, L., and 
Vaiana, G.S. 1980, in Cool Stars, Stellar Sys- 
tems and the Sun, ed. A.K. Dupree, SAO-SR 
389, p. 113. 


Pettersen, B.R., Kern, G.A., and Evans, D.S. 
1983, Astron. Astrophys., 123, 184. 

Phillips, M.J., and Hartmann, L. 1978, Astro- 
phys. J., 224, 182. 

Probst, R.G. 1977, Astron. J., 82, 656. 

Renzini, A., Cacciari, C., Ulmschneider, P., 
and Schmitz, F., 1977, Astron. Astrophys., 61, 
39. 

Robinson, R.D. 1980, Astrophys. J., 239, 961. 

Robinson, E.L., and Kraft, R.D. 1974, Astron. 
J., 79, 698. 

Rodono, M. 1976, in Proc. IAU Symp. 71, 
Basic Mechanisms of Solar Activity, ed. V. 
Bumba (Dordrecht: Reidel), p. 475. 

Rodono, M. 1978, Astron. Astrophys., 66, 175. 

Rodono, M. 1980, Mem. Soc. Astron. Ital., 51, 
623. 

Rodono, M. 1981, in Photometric and Spectro- 
scopic Binary Systems, ed. E.B. Carling and Z. 
Kopal (Dordrecht: Reidel), p. 285. 

Rodono, M. 1983, in Achievements in Space 
Astrophysics, ed. H.S. Hudson, A.K. Dupree, 
and J.L. Linsky, Adv. Space. Res., 2, No. 9, 
225. 

Rodono, M., Catalano, S., Byrne, P.B., Doyle, 
J.G., Andrews, A.D., Butler, C.J., Linsky, 
J.L., Marstad, N., Simon, T., and Neff, J. 
1985, in progress. 

Rodono, M., Pazzani, V., and Cutispoto, G. 
1983, in Proc. IAU Colloq. 71, Activity in Red- 
Dwarf Stars, ed. P.B. Byrne and M. Rodono 
(Dordrecht: Reidel), p. 179. 

Rodono, M., Pucillo, M., Sedmak, G., and de 
Biase, G.A. 1979, Astron. Astrophys., 76, 242. 


451 



Rodono, M., Romeo, G., and Strazzulla, G. 
1980, in Proc. Second European IUE Confer- 
ence , ESA SP-157, p. 55. 

Rosner, R. 1983, in Proc. IAU Colloq. 71, Ac- 
tivity in Red-Dwarf Stars, ed. P.B. Byrne and 
M. Rodono (Dordrecht: Reidel), p. 5. 

Rosner, R., Golub, L., and Vaiana, G.S. 1983, 
Center for Astrophys., Preprint 1719, in press. 

Rucinski, S.M. 1977, Pub. Astron. Soc. 
Pacific, 89, 280. 

Rydgren, A.E., and Vrba, F.J. 1983, Astro- 
phys. J., 267, 191. 

Scharlemann, E.T. 1981, Astrophys. J., 246, 
305. 

Scharlemann, E.T. 1982, Astrophys. J., 253, 
298. 

Serio, S., Vaiana, G.S., Blanco, C., Catalano, 
S., Marilli, E., and Rodono, M. 1985, 
Astrophys. J. (submitted). 

Shakhovskaya, N.I. 1975, Izv. Krim. Astrofiz. 
Obs., 53, 165. 

Shakhovskaya, N.I. 1979, Bull. Crimean Astro- 
phys. Obs., 60, 10. 

Shine, R.A., and Linsky, J.L. 1974, Solar 
Phys., 39, 49. 

Sienkiewicz, R. 1982, Acta Astron., 32, 275. 

Simon, T., Linsky, J.L., and Stencel, R.E. 
1982, Astrophys. J., 257, 225. 

Skumanich, R. 1972, Astrophys. J., 171, 565. 

Spangler, S.R., and Moffett, T.J. 1976, Astro- 
phys. J., 203, 497. 

Staller, R.F.A. 1976, Astron. Astrophys., 50, 
159. 


Stein, R.F. 1967, Solar Phys., 2, 385. 

Stencel, R.E. 1978, Astrophys. J. (Letters), 
223, L37. 

Stencel, R.E., and Mullan, D.J. 1980, Astro- 
phys. J., 238, 221. 

Stenflo, J.O., ed. 1983, Proc. IAU Symp. 102, 
Solar and Stellar Magnetic Fields: Origin and 
Coronal Effects (Dordrecht: Reidel). 

Stimets, R.W., and Giles, R.H. 1980, Astro- 
phys. J. (Letters), 242, L37. 

Stokes, R.N. 1971, Mon. Not. Roy. Astr. Soc., 
152, 165. 

The, P.S., and Staller, R.F.A. 1974, Astron. 
Astrophys ., 36 , 155 . 

Tomkin, J. 1972, Mon. Not. Roy. Astr. Soc. 
156, 349. 

Topka, K., and Marsh, K.A. 1982, Astrophys. 
254, 641. 

Torres, C.A.O., and Ferraz Mello, S. 1973, As- 
tron. Astrophys ., 27, 231. 

Torres, C.A.O., Ferraz Mello, S., and Quast, 
G.R. 1972, Astrophys. Letters , 11, 3. 

Ulmschneider, P., and Bohn, H.U. 1981, As- 
tron. Astrophys ., 254, 173. 

Upgren, A.R. 1978, Astron. J. y 83, 626. 

Vaiana, G.S. 1981, Institute of Space and As- 
tronautical Science, Report No. 597, Japan. 

Vaiana, G.S., et al. 1981, Astrophys. J., 245, 
163. 

Vaiana, G.S., and Rosner, R. 1978, Ann. Rev. 
Astron. Astrophys . , 16, 393. 


452 


1 


van de Kamp, P. 1968, Am . Soc. Pacific Leaf- 
lets, No. 470. 

van de Kamp, P. 1971, A nn. Rev . Astron . /1s- 
trophys ., 9, 103. 

van Leeuwen, F., and Alphenaar, P. 1983, in 
Proc. IAU Colloq. 71 , Activity in Red-Dwarf 
Stars , ed. P.B. Byrne and M. Rodono (Dord- 
recht: Reidel), p. 189. 

Vaughan, A.H. 1983, in Proc . IAU Symp. 102 , 
So/gt and Stellar Magnetic Fields: Origin and 
Coronal Effects, ed. J.O. Stenflo (Dordrecht: 
Reidel), p. 113. 

Vaughan, A.H., Baliunas, S.L., Middelkoop, 

F. , Hartmann, L.W., Mihalas, D., Noyes, 
R.W., and Preston, G.W. 1981, Astrophys. J., 
250, 276. 

Veeder, G.J. 1974a, Astron. J., 79, 702. 

Veeder, G.J. 1974b, Astron. J., 79, 1056. 

Vernazza, J.E., Avrett, E.H., and Loeser, R. 
1981, Astrophys . J. Supplement , 45, 635. 

Vogt, S.S. 1975, Astrophys. J ., 199, 418. 

Vogt, S.S. 1981a, Astrophys. J ., 247, 975. 

Vogt, S.S. 1981b, Astrophys. J ., 250, 327. 

Vogt, S.S. 1983, in Proc. IAU Colloq. 71, Ac- 
tivity in Red-Dwarf Stars , ed. P.B. Byrne and 
M. Rodono (Dordrecht: Reidel), p. 137. 

Vogt, S.S., and Fekel, F. 1979, Astrophys. J., 
234, 958. 

Vogt, S.S., Soderblom, D.R., and Penrod, 

G. D. 1983, Lick Obs. Bull., Preprint. 

Vyssotsky, A.N., and Dyer, E.R. 1957, Astro- 
phys. J., 125, 297. 

Walter, F.M. 1982, Astrophys. J ., 253, 745. 

Walter, F.M., Gibson, D.M., and Basri, G.S. 
1983, Astrophys. J ., 267, 665. 


Weiler, E.J., Owen, F.N., Bopp, B.W., 
Schmitz, M., Hall, D.S., Fraquelli, D.A., 
Piirola, V., Ryle, M., and Gibson, D.M. 1979, 
Astrophys . J ., 225, 919. 

White, O.R., and Livingston, W.C. 1981, 
Astrophys . J., 249, 798. 

Wielen, R. 1974, in Highlights of Astronomy, 
3, 395. 

Wilson, O.C. 1963, Astrophys. J ., 138, 832. 

Wilson, O.C. 1973, in Proc. IAU Colloq. 19, 
Stellar Chromospheres, ed. S.D. Jordan and 
E.H. Avrett, NASA SP-317, p. 305. 

Wilson, O.C. 1978, Astrophys. J ., 226, 379. 

Wooley, R., Epps, E.A., Penston, M.J., and 
Pocock, S.B., 1970, Catalogue of Stars Within 
Twenty-Five Parsecs of the Sun, Roy. Obs. 
Ann., No. 5. 

Worden, S.P. 1974, Pub. Astron. Soc. Pacific, 
86, 595. 

Worden, S.P. 1983, in Proc. IAU Colloq. 71, 
Activity in Red-Dwarf Stars, ed. P.B. Byrne 
and M. Rodono (Dordrecht: Reidel), p. 207. 

Worden, S.P., and Peterson, B.M. 1976, As- 
trophys. J. (Letters), 206, LI 45. 

Worden, S.P., Schneeberger, T.J., and Giam- 
papa, M.S. 1981, Astrophys. J. Supplement , 
46, 159. 

Worden, S.P., Schneeberger, T.J., Giampapa, 
M.S., Deluca, E.E., and Cram, L.E. 1983, As- 
trophys. J., 276, 270. 

Worley, C.E., and Behall, A.L. 1973, Astron. 
J., 78, 650. 

Zappala, R.R. 1974, Astrophys. J., 187, 257. 

Zwaan, C. 1977, Mem. Soc. Astron. Ital., 48, 
525. 


453 


